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Abstract 
Four field· areas, representing different tectonic settings, have been chosen to study eruption 
and post-eruption processes in rhyolite domes. These are Ngongotaha Dome, on the west side of 
Lake Rotorua; Mt Tarawera Volcanic Complex, in the Okataina Caldera Complex; Gebbies Pass, 
Banks Peninsula; and Mt Somers, south Canterbury. These field areas provide different vertical 
and horizontal sections through rhyolite dome structures and allow the investigation of internal 
structures at different levels within a dome. A holistic approach aims to integrate the various 
physical and chemical processes that have taken place during and after the emplacement of rhyolite 
domes. 
An extensive review of these processes forms a substantial part of the thesis and the basis for 
later investigations in the field and laboratory. A main aspect of the review is the structure of 
rhyolite melts and glasses and its influence on diffusion rates which in turn determine diffusion-
controlled crystallisation processes. Physico-chemical changes at the transition melt-glass are also 
discussed. Rheological properties of rhyolitic melts have a pronounced effect on flow behaviour 
and diffusion processes. The influence of temperature, pressure, melt composition, water content 
(especially), solid particles and vesicles, on the viscosity are outlined, and the various methods for 
estimating the viscosity of rhyolitic rocks are compared. 
Crystallisation processes under conditions of a high degree of undercooling are reviewed and 
parameters which allow one to distinguish between crystallisation from the melt and crystallisation 
from the glassy state (devitrification) are identified. Both crystallisation processes frequently result 
in very similar products. Spherulitic growth occurs generally above the glass-transition tempera-
ture where growth rates are fastest. Overall growth times are estimated to range from hours to 
months depending on the spherulite morphology and size. Compositionally, spherulites connect 
the fields of plagioclase phenocrysts and glass matrix in the An-Ab-Or ternary system. Opening 
structures, such as lithophysae, 'lip'-structures and spherulites with central voids, form above the 
glass transition and ideas about their formation are given. In the context of crystallisation, the 
textural terminology of rhyolitic rocks is critically reviewed and the use of simple textural terms 
proposed. 
A wide variety of small-scale flow features in rhyolitic rocks such as foliation, lineation and 
deformation structures are investigated and their use in inferring local flow directions is evaluated. A 
strong similarity to analogous features in metamorphic rocks is pointed out. Large-scale extensional 
and compressional structures in close proximity in dome lobes point to a complex flow behaviour. 
The occurrence of prominent columnar joints in two field areas, Gebbies Pass and Mt Somers, 
required a detailed study of this type of jointing process. Existing theories focus on rocks of basaltic 
nature, but it is shown that same ideas can be applied to Bilica-rich rocks. Column features, such 
as their thickness, regularity of cross sections, surface morphology and their overall pattern are 
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used to outline the cooling history and morphology of single lava domes and numerous domes with 
different spatial and temporal relationships to each other. 
A review of rhyolite domes outlines common and specific surface and internal structures. The 
transition from an explosive to an effusive eruption style is investigated and characteristics of 
endogenous and exogenous dome growths are compared. N gongotaha and Wahanga Domes are 
predominantly exogenous in character and comprise between 6~ 11 and 4~5 dome lobes, respectively. 
Dome lobe lengths vary between 350~450 m and thicknesses between 200~300 m. This length of 
dome lobes represents the maximum lobe extent of highly viscous lavas after which dome lobes 
start to pile onto each other. Large rhyolite domes (diameter 2900 m) with slow effusion rates 
and/or rapid solidification are therefore predominantly exogenous in character. Domes with a small 
diameter «500 m), such as the small dome at Ruawahia Dome, are predominantly endogenous. 
The results of recent dome growth simulations are applied to domes in the field areas and these 
allow the estimation of eruption rates and overall extrusion times. The eruption rate of Ngongotaha 
Dome was in the order of 20 m3 s~l and its overall emplacement time close to one year (336 days). 
The extension of a 1D cooling model to two dimensions allows the study of the overall cooling time 
of a lava dome. Depending on the dome thickness, the transition of the entire dome to the glassy 
(solid) state is considerable and is estimated as 22 years for Ngongotaha Dome and 41 years for 
Wahanga Dome. A combination of the 2D cooling model with the distribution of certain lithologies 
allows the estimation of the onset of crystallisation such as defined by the 'nucleation lag' time 
of spherulite crystallisation. 'Nucleation lag' times of spherulitic growth ranges from 3~12 years 
for the upper obsidian layer (U.OBS) to 15~23 years for the central felsitic rhyolite (CRHY) at 
N gongotaha Dome. 
In rhyolite domes, main lithologies are distributed concentrically following the overall outline of 
the domes rather than individual dome lobes. Their distribution is therefore largely independent 
of the emplacement mode of the dome but controlled by the cooling history of the dome. In domes 
with complexly developed lithologies the following main types can be recognised: a carapace breccia 
(BB), a finely-vesicular pumice (FVP), an upper and lower obsidian layer (U.OBS and L.OBS), a 
felsitic/poikilitic rhyolite (RHY) and a central rhyolite with abundant opening structures (CRHY). 
The dome base is characterised by a basal breccia (BB) which frequently interfingers with obsidian 
bands of the L.OBS layer. Absence of obsidian layers is attributed to insulating effects of thick 
FVP and BB layers in relatively thick domes. 
Finally, alteration processes of rhyolites and resulting alteration products are discussed with a 
major emphasis on the hydration of rhyolitic glasses, formation of perlite and zeolites as well as 
alunitisation. 
Detailed studies in the field, involving sampling and measurements of structural elements in 
combination with the above outlined background, allow the extrusion and emplacement history 
of the domes to be investigated. They also show that rhyolite domes are highly individual in 
character and differences between them arise mainly from differences in setting, extrusion rate, 
dome morphology and cooling history. 
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Chapter 1 
Scope and outline of the thesis 
Four field areas, in different tectonic settings, have been chosen to study eruptional and posterup-
tional processes in rhyolite domes. These field areas provide different sections through rhyolite 
dome structures and allow the investigation of internal structures at different levels within a dome. 
The thesis is in three parts. Part I gives a brief introduction to the field areas, describes the 
geological setting and stratigraphy, and summarises previous studies. It also lists the objectives 
of the field studies for this thesis. In Part II processes which occur during dome emplacement, 
solidification, and alteration are investigated and are applied to an understanding of rhyolite domes 
in general. It is mainly a literature review but examples of the domes studied are used to illustrate 
some concepts. This approach allows us to see the evolution of rhyolitic melts and related processes 
as a continuum; highlighted is the fact that most of the processes are interdependent and affect 
each other. Part III applies the more theoretical investigations of Part II to rhyolite domes in the 
four field areas and looks in detail at eruptional and post-eruptional processes. In some field areas, 
processes specific to that rhyolite dome are investigated which were not dealt with in Part II. 
Part II is divided into the following chapters: Chapter 3 investigates the structure of the 
rhyolitic melts and glasses and the processes occurring at the glass-transition temperature. The 
influence of melt-constituting elements, especially water, on the melt polymerisation is studied. 
Structures of melts and glasses have a pronounced effect on diffusion rates which in turn determine 
diffusion-controlled crystallisation processes, and the chemical diffusion and tracer diffusion data 
specific for rhyolitic melts and glasses are reviewed. 
Rheological properties of rhyolitic melts are the subject of Chapter 4. The influence of tem-
perature and pressure, melt composition, especially water content, as well as solid particles and 
vesicles on the viscosity is outlined. Several methods of estimating viscosities, particularly those 
based on recent laboratory studies involving rhyolitic melts, are discussed and combined in a com-
puter program. 
Chapter 5 looks at the crystallisation of rhyolitic melts which erupt at a high degree of un-
dercooling. Two types of crystallisation which occur during and after an eruption are discussed: 
crystallisation from a melt and devitrification (i.e., crystallisation) of a glass. Crystallisation prod-
ucts are in both cases very similar and ways are investigated which may allow us to distinguish 
between the two crystallisation processes. Also, the textural terminology of rhyolitic rocks is re-
viewed. 
A wide variety of small-scale flow features in rhyolite flows are used to infer local flow directions. 
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These features include foliation, lineation and deformation structures, and many of these are very 
similar to analogous features in metamorphic rocks. In Chapter 6, all flow features which indicate 
local flow directions and which have been found in the field areas are listed and described. 
In two of the field areas (Mt Somers and Gebbies Pass, Banks Peninsula) columnar jointing 
is very common and forms characteristic joint patterns. Chapter 7 looks at jointing processes 
and concentrates mainly on columnar joints. A detailed historical review of theories explaining 
the formation of columnar joints was undertaken. Since this jointing type has been described and 
analysed almost exclusively in basaltic rocks, much of the discussion is based on studies of columnar 
joints in basalts. The use of column features, such as their thickness, regularity of the cross sections, 
surface striations and their forms and mutual arrangement, to outline the cooling history and the 
shape of lava flows/domes is described. The cooling model of Chapter 8 has been used to trace 
the path of certain cooling isotherms of an emplaced lava dome which gives information about the 
resulting columnar joint patterns. 
Chapter 8 looks at different dome types and their morphologies as well as their surface and 
internal structures. The transition between explosive and effusive eruption style as well as degassing 
within a lava dome are investigated. The main characteristics of endogenous and exogenous dome 
growth are compared. The results of recent laboratory simulations of lava dome growth are discussed 
and their application to lava domes evaluated. An existing cooling model was extended to two 
dimensions and put into a computer program. This cooling model allows us to study the time-frame 
of overall cooling of a lava dome and, combined with the distribution of devitrification textures in 
a lava dome, the .onset of devitrification. Finally, lithologies and their distribution within rhyolite 
domes are described. 
The last chapter of Part II, Chapter 9, summarises alteration processes for rhyolites and the 
resulting alteration products. The major emphasis is on the hydration of rhyolite glasses, formation 
of perlite, formation of zeolites and alunitisation. 
Part III is divided into Chapters 10 to 13 in which the theoretical considerations of Part II are 
applied to rhyolite domes in the four field areas. The aim of the studies was to outline the eruption 
histories of these domes and to discuss processes occurring during and after dome emplacement. 
A comparison of all data for the different domes allows us to determine processes common to all 
the investigated domes and to explain differences in terms of the presence and absence of certain 
features such as columnar joints. These investigations contribute to the knowledge of the geological 
evolution at the field areas, and extend existing databases. 
4 
Chapter 2 
Introduction to the field areas 
2.1 Location of the field areas 
The study of eruptive and post-
eruptive processes in rhyolite domes 
and flows ideally requires well ex-
posed cross sections of such edifices 
so as to reveal their internal structure 
and lithological variation. Four field 
areas, Ngongotaha Volcanic Complex 
and Tarawera Volcanic Complex in 
the North Island and Mt Somers 
Volcanics Group and Gebbies Pass, 
Banks Peninsula, in the South Is-
land (Fig. 2.1), provide suitable cross 
sectional exposures of rhyolite domes 
and flows at different levels. 
Ngongotaha Volcanic Complex 
and Mt Tarawera Volcanic Com-
plex 
These two field areas are situated 
within the Taupo Volcanic Zone 
165' 170"E 175' 180" 176"t ~ 11°B 
Figure 2.1: (a) L,ocation of the field areas in relation to New Zealand. 
A simplified geological map of the field areas in the South Island, as 
outlined, is given in Fig. 2.7. Diagram (b) shows the boundaries and 
calderas of the Taupo Volcanic Zone and outlines the boundaries of 
Fig. 2.6. 
(TVZ) in the central North Island. The TVZ is a volcano-tectonic complex extending approximately 
300 km across the central North Island from Ohakune to White Island (Fig. 2.1). This zone is 
defined by vent positions and structural boundaries of calderas and is up to 60 km wide, but 
narrows at both ends, being only 10 km across at Whakatane in the Bay of Plenty (COLE, 1979). 
Its NE-SW orientation reflects the northwest-directed subduction of oceanic crust of the Pacific 
plate beneath continental crust of the Australian plate (HOUGHTON et at., 1995) which forms the 
Taupo-Hikurangi arc-trench system (COLE & LEWIS, 1981; COLE, 1981, 1986, COLE et al.; 1995). 
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2.1. LOCATION OF THE FIELD AREAS 
Figure 2.2: Ngongotaha Dome Complex seen across Lake Rotorua. 'Ngongotaha Dome' forms the dome farthest 
to the right and probably represents the first dome emplaced in the complex. Hendersons Quarry exposes a 
crosssedion of the dome reaching almost the dome top. 
Figure 2.3: Tarawera Volcanic Complex seen across Lake Tarawera. All three domes show similar shapes, char-
acterised by a flat top surface. The 1886 fissure runs parallel to the photographic plane but is not visible in 
this photograph. 
Figure 2.4: East-face of Mt Somers (1687 m) seen from the road near Staveley. The present shape is the result 
of strong erosion and does not relate to original lava dome/flow and ignimbrite outlines. 
Figure 2.5: Vent areas of rhyolite domes at Gebbies Pass, Banks Peninsula. 
Andesitic volcanism in the TVZ commenced at ca. 2 Ma, followed by voluminous rhyolitic (and 
minor basaltic and dacitic) activity from ca. 1.6 Ma (WILSON et al., 1995). Although the location 
and identity of the sub-volcanic basement is poorly known, the total volume of TVZ volcanics is 
generally estimated to be 15,000-20,000 km3 , with rhyolites dominant (2::15,000 km3 , or >90%), 
followed by andesite «2.5%), and high-alumina basalt and dacite (each <1%; e.g., HEALY, 1962; 
COLE, 1981; WILSON et al., 1995). 
According to prevailing rock 
types, the TVZ may be divided into 
three segments: andesites and dacites 
without any rhyolites in the north-
east and southwest segments and 
dominantly rhyolites in the central 
segment (HOUGHTON et al., 1995). 
COLE (1979, 1990) suggested four 
main rhyolitic volcanic centres in the 
central part of the TVZ: the Ro-
torua, Okataina, Maroa, and Taupo 
Volcanic Centres, in which silicic vol-
canics are associated with probably 
eight calderas (e.g., COLE et al., 
1995; HOUGHTON et al., 1995; WIL-
SON et al., 1995). These calderas are 
the Rotorua, Okataina, Kapenga, Re-
3600000E 
I Rhyolites of Tarawera Complex Younger rhyolites of Haroharo Complex South-western rhyolites .' . . Older Northern and North-eastern rhyolites .•• ; Rhyolites of Rotorua Caldera .. Rhyolite eruptive vents 
Figure 2.6: Locations of the two field areas in the North Island (field 
areas are underlined; see text for explanation). 
poroa, Mangakino, Whakamaru, Oruanui, and Taupo Calderas (Fig. 2.1). The eruptive history 
and a time frame for these calderas is given in HOUGHTON et al. (1995). 
Ngongotaha Volcanic Complex (Fig. 2.2) is situated in the south-west part of the Rotorua 
Volcanic Centre (figs. 2.6 and 2.8). Fig. 2.6 shows the Rotorua Volcanic Centre with exposed rhy-
olite domes (shaded) and caldera margin (dashed line; COLE, 1970a; WILSON et al., 1984). HEALY 
(1964) suggested that the Rotorua Volcanic Centre represents a single-event collapsed caldera. 
The Tarawera Volcanic Complex (Fig. 2.3) forms the south( -east) part of the Okataina Volcanic 
Centre (Fig. 2.6) which is the most recently active rhyolitic eruption centre in the central TVZ. 
Besides the Tarawera Volcanic Complex, the Okataina Volcanic Centre includes the rhyolite complex 
of Haroharo and smaller complexes at Rotoma and Okareka. During the past 0.25 Ma more than 
500 km3 of magma (rhyolites and minor dacite and basalt) have been erupted from the Okataina 
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Volcanic Centre (NAIRN, 1986a). The volcanic history of the Okataina Volcanic Centre has been 
discussed by NAIRN (1981, 1986b) and NAIRN & WOOD (1987). 
Gebbies Pass, Banks Peninsula 
The Banks Peninsula forms a 
prominent feature of the east coast 
of the South Island (Fig. 2.1) and 
represents the erosional remnants of 
two Miocene shield volcanoes. The 
earlier Lyttelton volcano occupies the 
north-western part of the peninsula 
and the Akaroa volcano is located 
in the south-eastern part (Fig. 2.7). 
The Gebbies Pass area located at the 
head of Lyttelton Harbour consists of 
basement rocks to the Lyttelton vol-
cano. Included in the basement rocks 
are rhyolites of both Cretaceous and 
Tertiary age. 
Mt Somers Volcanic Group 
Late Cretaceous volcanics, similar 
Figure 2.7: Locations of the two field areas in the South Island (field 
areas are underlined; see text for explanation). 
in age to some of the basement volcanics at Gebbies Pass, occur in Mid-Canterbury along the 
foothills of the Southern Alps (Fig. 2.7). The main locations are Mt Somers, Mt Alford, and 
Malvern Hills, of which Mt Somers offers excellent outcrops in steep cliff faces of a rhyolite cumulo-
dome complex. 
2.2 Ngongotaha Volcanic Complex 
2.2.1 Geological setting 
The oldest extrusive rocks within the Rotorua basin belong to domes of pre-caldera rhyolites which 
correspond to the Haparangi Rhyolite (hal) of WILSON et al. (1984). Pre-caldera domes have a 
volume of ca. 1.5 km3 (WILSON et al., 1984) and mark the caldera edges in the S, SW and N 
(HEALY et al., 1964). 
Table 2.1: Formations erupted from Rotorua Caldera (after HEALY, 1964; WILSON et at., 1984) 
formation volume age description 
Haparangi Rhyolite (ha2) < 4.2 km3 <220 ka glassy hypersthene-hornblende rhyolite of the final stages of dome building 
Mamaku Ignimbrite (mk) > 300 km3 220 ka pale pink to grey ignimbrite containing plagio-
clase and minor quartz; poorly welded 
Haparangi Rhyolite (had 1.5 km3 >220 ka glassy and lithoidal rhyolite of early dome building stages 
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Table 2.2: Phenocryst assemblages of post-caldera rhyolites of the Rotorua Caldera (after EWART, 1968) 
post-caldera rhyolites phenocryst content mineral assemblage 
220-50 ka rhyolite 
< 50 ka rhyolite 
crystal poor « 3%) 
crystal rich (15-30%) 
plag + opx + mt (± qu) 
plag + qu + opx + ho + mt + bio 
These pre-caldera rocks have, in gen-
eral, a slightly lower crystal content 520000NF~S~'C:"'7'C:"'7-:--'C:"'7~i:-:T;:C;::==F:""i'''''3:=n~~;;,:;n 
(EWART, 1968) and are more devitrified 
(spherulitic) than the post-caldera r hyo-
lites. At ca. 220 ka the Mamaku Ig-
nimbrite erupted from the Rotorua Vol-
canic Centre (HOUGHTON et at., (1995). 
Caldera collapse was followed by extru-
sion of another stage of rhyolites, Ha-
parangi Rhyolite (ha2) in the nomencla-
ture of WILSON et at., (1984). Post-caldera 
domes include domes at Mt. Ngongotaha, 
Kawaha Point, Mokoia Island, Hinemoa 
Point, Owhata Dome and Kuirau Dome. 
Volcanics of the post-caldera domes are ex-
posed within the caldera and comprise ap-
proximately 4.2 km3 (WILSON et at., 1984). 
Table 2.1 summarizes the characteristics 
of the volcanics of the Rotorua Caldera. 
Post-caldera rhyolites are further subdi-
vided into two groups relative to the ca. 
50 ka 'level' of Lake Rotorua (KENNEDY et 
at., 1978). Crystal content increases from 
the 220-50 ka domes (Mt. Ngongotaha, 
Kawaha Point, Kuirau Dome) to the < 50 
ka domes (Mokoia Island, Hinemoa Point, 
500000 
Road / 
Geological _ ) 
boundary I~ 
g [ Undifferenclated ash ;g and alluvial deposits 
Rotoiti Breccia 
Q) Te Wairoa Breccia 
§ j 
a.. 
Huka Group 
Haparangl Rhyolite 
Mamaku Ignimbrite 
Haparangi RhYOlite 
Figure 2.8: Simplified geological map of Rotorua Volcanic 
Centre 
Owhata Dome; EWART, 1968). Post-caldera rhyolites also differ in their phenocrysts assemblages 
according to age (Table 2.2). 
2.2.2 Ngongotaha Dome 
The 'Ngongotaha Dome,l lies in the north-east part of the Ngongotaha Volcanic Complex and is 
thought to be the oldest dome of that dome complex (figs. 2.2 and 2.8; SHEPHERD, 1991). Dating 
the domes, on relative position to each other, SHEPHERD (1991) identified eight domes in the dome 
complex covering a total area of more than 17 km2. 
An internal section of Ngongotaha Dome is provided by the horse~shoe shaped working face 
IThe term 'Ngongotaha Dome' refers in this thesis to the dome exposed in the Henderson Quarry, although there 
are probably eight domes forming the Ngongotaha Volcanic Complex. 
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of Hendersons Quarry. The quarry exposes an area of approximately 10,000 m2 of fresh rhyolite. 
Quarrying is carried out at several levels 10 to 20 m apart. Unfortunately, the vent area of the dome 
was not exposed at the time of study. The top ten metres or so of the dome consists of finely vesicular 
pumice (FVP) which is light coloured and commonly brecciated. The dome interior comprises 
crystalline, generally flow-banded rhyolites which commonly grade into devitrified obsidian and is 
cut by obsidian dikes. These dikes are often auto brecciated, in large parts devitrified, and may reach 
the dome top. Many devitrification features are obvious: spherulites, lithophysae, and massive 
devitrification of glass. Lithophysae are in general characterised by a secondary mineralisation, 
comprising fayalite, hematite, tridymite, sanidine, osumilite, etc. The lowest exposed parts of the 
dome show (auto)brecciated units (SHEPHERD, 1991). 
2.2.3 Objectives of the field studies 
The Ngongotaha dome exposes for study many structures and textures of rhyolitic rocks related to 
emplacement, cooling and devitrification processes; it does not expose any features related to ash 
fall and ignimbrite facies. Ongoing quarrying means that these features are readily accessible. The 
quarry exposes a very good cross section of the dome, providing an excellent example of internal 
dome structures. This situation allows one to study in detail: 
• structure of a dome, as related to the emplacement process; 
III distribution and characteristics of different lithologies, as determined by emplacement, cooling, 
and devitrification processes; 
III devitrification process of natural glasses, including the formation of lithophysae and 
spherulites; 
III degassing process during and after dome emplacement, as evidenced by the distribution of 
lithologies having a different degree of vesicularity and the occurrence of lithophysae and open 
spherulites; 
• cooling process of a dome, and 
III dome growth compared to existing dome growth models. 
2.3 Mt Tarawera Volcanic Complex 
2.3.1 Stratigraphy and eruption history 
The Tarawera Volcanic Complex was first mapped in detail by COLE (1966). Subsequent studies 
were undertaken by NAIRN (1981, 1989) who subdivided the volcanic activity into five periods and 
renamed some of the volcanic flows, domes, and pyroclastics. The overall eruption history and 
stratigraphy of the Tarawera Volcanic Complex lavas and pyroclastics is summarised in Table 2.3. 
The distribution of lava flows and domes, as well as of the main rhyolite types, is shown in Fig. 2.9. 
The following discussion concentrates on events in the Kaharoa episode, summarised in Fig. 2.10, 
as it was during this episode that the domes under investigation were emplaced to form the most 
prominent feature of the volcanic complex (see Fig. 2.3). 
The onset of the Kaharoa Episode is marked by explosive activity and the formation of 
extensive pyroclastic deposits (Fig. 2.1l}-1). Blocks in the breccia include completely devitrified 
rhyolites of the earlier Southern Dome. 
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A probable vent 
Figure 2.9: Simplified map of the Tarawera Volcanic Complex showing main eruption centres. Only domes and 
flows are outlined, with distribution of main rhyolite types (after COLE, 1970b; NAIRN, 1989). 
The first lava extrusion of the Kaharoa Episode 
filled the existing crater of the breccia cone and 
finally built-up to form the Crater Dome (Fig. 
2.10-2). Following this was a period of major py-
roclastic eruptions through a vent east of Crater 
Dome (Fig. 2.10-3); Plinian eruptions sent ash 
to northwest and southeast of Tarawera to pro-
duce the Kaharoaash. Small pyroclastic flow de-
posits occur immediately around the mountain. 
Lava of the Ruawahia Dome extruded through 
the vent produced by the explosive eruption and 
hydrothermally altered tephra at the top of the 
tephra cone (Fig. 2.10-4). Lava broke through 
the side of the tephra to form two coulees to. the 
northwest and southeast. At about the same time 
Tarawera Dome itself was emplaced, and also in-. 
'volved the formation of coulees. Before the ter-
imination of pyroclastic eruptions from Ruawahia, 
the Wahanga Dome started to form. Lava extru- s 
sion probably took place through the old vent of 
.the Waikakareao lava flow. Figure 2.10: Eruption sequence of domes in Kaharoa 
episode (cf. text; after COLE (1970a). 
The most recent volcanic activity was associ-
ated with the 1886 basaltic scoria eruption resulting in the 17 km long Tarawera Rift within the 
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Tarawera linear vent zone. The rift is marked by a number of separate and coalescing explosion 
craters representing the surface expression of a series of en echelon basaltic dike eruptions (COLE 
& NAIRN, 1975; NAIRN & COLE, 1981). 
Table 2.3: Stratigraphy and chronology of the Tarawera Volcanic Complex (after NAIRN, 1989). 
Episode Age (yrs B.P.) Lavas Pyroclastics 
Tarawera (1886 A.D.) Tarawera Basalt Tarawera Pyroclastics 
Rotomahana Pyroclastics 
Rotomahana Mud 
Kaharoa 600 Ruawahia Dome 
Tarawera Dome 
Wahanga Dome 
Green Lake Plug Kaharoa Pyroclastics 
Crater Dome Kaharoa Ash 
Waiohau 11,000 Kanakana Dome 
Pokohu lava flows 
Waikakareao lava flows Waiohau Pyroclastics 
Eastern Dome Waiohau Ash (plinian) 
Rerewhakaaitu 15,000 Southern Dome 
?Te Puha lava flow Rerewhakaaitu Pyroclastics (tuff cone) 
Western Dome Rerewhakaaitu Ash (plinian) 
?Rotomahana Dome 
Okareka 18,000 ?Ridge Dome 
Ridge lava flow 
Hawea lava flow 
Okareka Ash (plinian) 
2.3.2 Objectives of the field studies 
The 1886 basaltic fissure eruption cut through a number of rhyolite domes of the Tarawera Volcanic 
Complex, providing access to internal dome sections. Good outcrops are found for the Wahanga, 
Ruawahia, Crater, and Tarawera Domes. Therefore, the study in the Tarawera Volcanic Complex 
is restricted to these domes, at outcrops within the craters and along the dome margins. These well 
preserved dome structures allow the study of: 
III dome geometry in relation to internal structures; 
III internal structures, as determined by the close proximity of a number of domes; 
III the distribution of different lithologies within a dome based on differences in the degree of 
crystallisation and vesicularity; 
III dome growth in comparison to existing dome growth models, and 
III the effects of hydrothermal alteration and its products. 
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2.4 Gebbies Pass Area, Banks Peninsula 
2.4.1 Geological setting 
Sedimentary rocks of the Torlesse Su-
pergroup represent the oldest rocks (Tri-
assic) exposed at Gebbies Pass (fig 2.11). 
In the Cretaceous, andesites (McQueens 
Formation) and rhyolites (Gebbies Rhyo-
lite) were erupted onto these already lithi-
fied, folded and eroded sediments. Ero-
sional products of these volcanics are pre-
served in the Radford conglomerate facies. 
A series of four sedimentary units were de-
posited between the Cretaceous and the 
Miocene. In the late Miocene, rhyolites (Al-
lendale Rhyolite) and andesites (Governors 
Bay Andesite) were erupted, followed by 
basaltic volcanics of the Lyttelton Volcano. 
Rhyolites are thought to have been erupted 
before the andesites (SEWELL et ai., 1988). 
Volcanic activity shifted from the Lyttel-
ton volcano (11-9.1 Ma) to the Akaroa vol-
cano (9.1-8.0 Ma) and then back to local-
ized vents in the area of the Lyttelton vol-
cano (8.5-5.8 Ma; dates from WEAVER et 
(aft&rBAALEveta .• 198B;V/fAVERetol., 1990) 
Recent gravels and muds 
Diamond Harbour Volcanic Group (hawalne)] 
MI Herbert Volcanic Group (hawolne) Miocene 
Lyttenon Volcanic Group (hawalne/lrachyte) 
Govemors Bay Volcanics (Allendale Rhyolne) 
Charterts Bay Sandstone - Paleocene 
Gebbles Rhyolne ] 
McQueens Andesne Late Cretaceous 
Tortesse Supergroup (sediments) - Trtasslc 
Figure 2.11: Geological map and stratigraphy of Gebbies Pass 
area, Banks Peninsula. 
al., 1990a). Erosion formed the present topography of Banks Peninsula, thus exposing basement 
rocks of the Lyttelton volcano in the Gebbies Pass area. 
Rocks of interest in this thesis are Gebbies Rhyolite and Allendale Rhyolite, exposed in an area 
outlined by the inset of Fig. 2.11. These rhyolites originally formed prominent domes, but extensive 
erosion has removed major parts of the domes leaving vent areas exposed. Fig. 2.12 shows the 
implied present day location for numerous domes in relation to the former dome structure (GREY, 
1991). Setting of the domes was controlled by a fissure system, as shown in the inset of Fig. 2.11. 
Figure 2.12: Inferred present day erosional level of rhyolite.domes at Gebbies Pass in relation to entire dome 
structure (after GREY, 1991) 
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Stratigraphy 
In this thesis the stratigraphy established by SEWELL et al. (1988) will be followed (cf. legend 
in Fig. 2.11). Late Cretaceous rhyolites are classified as Gebbies Rhyolite and Late Cretaceous an-
desites as Me Queens Andesite. All Miocene volcanics comprise the Governors Bay Formation, with 
andesites belonging to the Governors Bay Andesite and rhyolites forming the Allendale Rhyolite. 
Previous work 
MANTELL (1850) recognized the igneous origin of the mountains of the Banks Peninsula, al-
though he also refers to metamorphic rocks. The geological history of the peninsula was summarised 
by HOCHSTETTER (1864). Sir JULIUS VON HAAST (1879) interpreted the rhyolites at Gebbies Pass 
and Governors Bay to be dykes with obsidian margins and flow banded rhyolite interiors. Initially, 
SPEIGHT (1917) also regarded the rhyolites to be dykes, although he attributed obsidians and rhy-
olites to different events. Igneous rocks of the basement of Lyttelton volcano were treated by him 
as the first volcanic phase and were regarded as Cretaceous in age on the basis of similarities to 
volcanics from Mt Somers, Malvern Hill and Rakaia Gorge. Later, he refined the stratigraphy by 
distinguishing different lithologies and their different ages (SPEIGHT, 1935). Stratigraphic consider-
ations suggested a Miocene age for the rhyolites (LIGGETT & GREGG, 1965; SUGGATE, 1973) and 
this was supported by K/ Ar data (STIPP & McDOUGALL, 1968) giving 9 and 10.8 Ma for Gebbies 
Pass rhyolites. However, other stratigraphic evidence pointed to a Cretaceous age for the rhyolites 
(CAVE & FIELD, 1980). 
The rhyolites can be placed in two geochemical groups (THIELE, 1983), one associated with the 
McQueens andesites, and the other with the Governors Bay andesites. Sr-isotope dating (BARLEY 
et al., 1988) gave an age of 80.9 ± 1.9 Ma for the McQueens rhyolites and 10.79 ± 0.10 Ma years 
for the Governors Bay andesites and rhyolites. A similar age of 11.47 Ma for the latter rocks was 
obtained by means of magnetostratigraphy (SHERWOOD, 1988). 
2.4.2 Objectives of the field studies 
The Gebbies Pass area provides very good exposures of vent areas of rhyolite domes. Rhyolites show 
excellent columnar jointing; they are flow layered and to a large extent devitrified. This situation 
allows the study of: 
.. immediate vent area of the domes, especially the detailed flow mechanism, as revealed by flow 
layering and orientation of solid particles in the melt; 
• dome geometry in vent areas, which can be compared with dome growth models; and 
• cooling process in the vent area, as expressed by columnar jointing characteristics and devit-
rification structures and textures of the rhyolite. 
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2.5 Mt Somers Volcanics Group 
2.5.1 Geological setting 
The Mount Somers Vol-
canics Group (hereafter called 
Mt Somers 
Volcanics) forms part of the 
foothills of the Southern Alps 
in mid-Canterbury (OLIVER & 
KEENE, 1989) and comprises a 
suite of Upper Cretaceous calc-
alkaline volcanic rocks. The Mt 
Somers Volcanics represents an 
eroded and block-faulted rem-
nantcomposed mainly of rhy-
olites, ignimbrites, and to a 
lesser extent andesites and 
dacites. BARLEY et at. (1988) 
dated the rhyolitic rocks at 
88.8 ± 2 Ma (Rb/Sr-isotope 
age) confirming K/ Ar mineral 
and whole rock dates of 88 to 99 
Ma (ADAMS & OLIVER, 1979). 
Volcanics of similar Creta-
ceous age occur in the eroded 
basement of Lyttelton volcano 
(BARLEY et at., 1988; SEWELL 
Recent D Alluvium 
Pleistoc. 0 Hororata gravels 
Cretac./ G B k R' Paleoc, ',".' ro en Iver 
~
--: Lahars/ tuffs 1 
:<:\,;. Somers Ignimbrite Formatlon ~.\,1 Q. 
Mid Somers Rhyolite E § i3 
Cretac, Woclshed Creek Ignimbrite 55 ~ <!5 
Barrosa Andesite ~ ::> 
Surrey Hills Tuff 
TI I / - Clent HillS] r ass c Torlesse Supergroup 
Jurassic !lm Mt Taylar 
o lkm 
. -- Fault 
.,.-'" Dike 
Crush Zone 
Figure 2.13: Geological map of Mt Somers (after SMITH & COLE, 1996). 
et at., 1992) and have also been found in drillholes beneath gravels of the Canterbury Plains 
(HULSTON & MCCABE, 1972). Together with the Mt Misery Volcanics (GREGG, 1964), which 
are exposed in the Rakaia Gorge (Cox, 1926) and Malvern Hills (SPEIGHT, 1928), Mt Somers vol-
canics are distinctive, in that they include the only known garnet-bearing rhyolites in New Zealand 
(WOOD, 1974). 
Previous work 
First reports on the geology of Mt Somers date back to the explorations of Sir JULIUS VON 
HAAST (1874, 1879), followed by Cox (1877, 1884a, 1884b). SPEIGHT (1938) was the first to 
recognise a pyroclastic origin for parts of the Mt Somers volcanics. Detailed mineralogical and 
geochemical studies resulted in pressure and temperature estimates of the garnet-bearing rhyolites 
ofMt Somers and Malvern Hills (WOOD, 1974). OLIVER (1977) provided a general account ofthe Mt 
Somers rhyolite, including detailed mapping, age estimates and petrological studies. Rb/Sr-isotope 
geochemistry indicates different sources for the andesite and dacite versus the rhyolite (BARLEY, 
1987); the intermediate rocks are thought to have evolved from mantle-derived tholeiitic magmas by 
assimilation and fractional crystallisation, whereas the rhyolites were derived by partial melting of 
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Torlesse sediments. WEAVER & PANKHURST (1991) suggested that the magmas originated during 
an extensional tectonic regime after the subduction of a spreading ridge. A relatively thick crust 
underlying the Mt Somers Volcanics allowed a high degree of interaction between mantle-derived 
magmas and continental crust. SMITH (1994) and SMITH & COLE (1996, 1997) investigated in 
detail the ignimbrites at Mt Somers and suggested criteria to differentiate between rhyolite flows 
and high-grade ignimbrites. 
Eruption history 
Cretaceous Mt Somers Volcanics unconformably overlie greywacke sandstones and interbedded 
siltstones as well as conglomerates of the Torlesse Supergroup, which is locally subdivided into 
the Mount Taylor Group (Triassic) and Clent Hills Group (Jurassic). BRADSHAW et al. (1981) 
interpreted these sedimentary sequences to be a continent-derived clastic wedge which was deposited 
and deformed during the Rangitata Orogeny, particularly during the Early Cretaceous. 
The duration of the volcanism forming the Mt Somers Volcanics, according to SMITH (1994) 
and SMITH & COLE (1996), is not well known due to the absence dating. 
The Surrey Hills Tuff represents the first phase of explosive silicic volcanism and is thought 
to have been deposited onto a topographically controlled sub-aerial erosion surface of Torlesse 
Supergroup sediments. 
The source of the Barrosa Andesite is thought to be close to the north-west of Mt Somers. An-
desitic volcanism produced mainly lava flows with associated autobreccias, dikes, epiclastic breccias 
and lahars. Late-stage hydrothermal systems caused secondary quartz (agate) mineralisations. 
A second phase of voluminous explosive silicic volcanism commenced with the Woolshed Creek 
Ignimbrite, possibly representing the precursor to effusive silicic eruptions producing a thick se-
quence of rhyolite cumulo-domes, lava flows and dikes in the north-west of the area. The Woolshed 
Creek Ignimbrite directly overlies Surrey Hills Tuff in the southwest, while in the northwest it over-
lies Barrosa Andesite. This relationship suggests that the Barrosa Andesite was not erupted in the 
south-west. The source of the Woolshed Creek Ignimbrite is thought to lie in the north-west part 
of the area. 
The Somers Rhyolite represents the most voluminous unit within the Mt Somers Volcanics and 
forms a cumulo-dome complex which is up to 1000 m thick. The cumulo-dome complex consists 
mainly of domes as well as minor flows and dikes. The aerial extent and thickness of the cumulo-
dome complex suggests eruptions from multiple vents and/or fissures over a significant period of 
time (SMITH & COLE, 1996). 
The Somers ignimbrite overlies the rhyolite cumulo-dome complex and dips gently to the north. 
The ignimbrites have a maximum thickness to the north of the cumulo-dome complex. The great 
thickness in this area suggests ponding within a caldera .. The Somers Rhyolite and Somers Ign-
imbrite are geochemically closely related with the Somers Rhyolite being more evolved. The original 
volume of the Somers Ignimbrite is estimated to be 15-20 km3 (SMITH & COLE, 1996) of which 
only parts are preserved. The Somers Ignimbrites are inferred to have been erupted close to the 
north face of Mt Somers over a period of days to weeks. 
Lahars and silicic ash-fall eruptions mark the final stages of volcanism in the Mt Somers area. 
Lahars travelled from an unknown source in the north-west part of the area, possibly along an E-W 
trending valley. 
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The emplacement of Somers Ignimbrite was followed by two compositionally distinct phases of 
dike intrusion. Andesite dikes geochemically related to the Barrosa Andesite were intruded to the 
north( -west) of Mt Somers and dacite dikes geochemically identical the Hinds River Dacite were 
intruded further to the east. 
Structure 
In conjunction with the Kaikoura Orogeny the Mount Somers 
area has been subjected to major faulting. Two major faults, the 
ca. 20 kill long Mt. Somers Fault in the north of the area 
and the ca. 10 km long Staveley Fault in the south (Fig. 2.13), 
acted as principal movement planes and confine the area (SMITH & 
COLE, 1996). These two faults, and a series of smaller faults to the 
southeast, display uplift on their northern sides (OLIVER, 1977). 
The Mt Somers Fault trends ca. 1100 along the northern margin 
of Mt Somers and is marked in places by distinctive topographic 
features such as the steep northeast face of Mt Somers. A co-
linear series of pugs and crush breccias in the creek beds mark the 
fault trace. Rocks on either side of the fault are typically sheared 
and highly weathered. New mapping by SMITH (1994) suggests 
Hinds River Dacite 
Volcanic conglomerates & tuffs 
Somers Ignimbrites 
Somers Rhyolite 
Woolshed 
C 
r 
Barossa ~ Andesite k 
Ignimbrite 
Surrey Hills Tuff 
a downthrow of <100 m for the Mt Somers block, as opposed to Figure 2.14: Stratigraphic no-
ca. 300 m given by OLIVER (1977). No evidence for a strike-slip menclature for the Mt Somers Vol-
component was found by SMITH (1994), as opposed to the dextral 
movement of 250 m suggested by OLIVER (1979) on the basis of 
displacement of contacts between andesite and ignimbrite. 
canic Group in the Mt Somers area 
(after SMITH & COLE, 1996). 
The eroded fault scarp of the Staveley Fault trends ca. 0800 on the south side of Mt Somers and 
is marked by crush breccia in Tinstone Creek. Here, the volcanics are upthrown on the northern 
side with an unknown amount of movement (SMITH & COLE, 1996). 
Stratigraphy 
SMITH & COLE (1996) suggested a revised nomenclature for the Mt Somers Volcanics as com-
pared to the nomenclature established by OLIVER & KEENE (1989). The latter divided the vol-
canics into four formations: Surrey Hills Tuff, Somers Rhyolite, Barrosa Andesite, and Hinds River 
Dacite. Furthermore, they subdivided the Somers Rhyolite into five different lithologies: basal tuff, 
two pitchstones, lava domes and flow, and ignimbrite. 
The revised nomenclature (Fig. 2.14) proposes that (i) the basal tuff is part of the Surrey Hills 
Tuff Formation, (ii) the two pitchstone deposits are one and the same pyroclastic unit, for which the 
term Woolshed Creek Ignimbrite Formation is suggested, and (iii) the rhyolite lavas and ignimbrites 
form two distinct formations: Somers Rhyolite and Somers Ignimbrite Formation. 
2.5.2 Objectives of field studies 
The field area is confined by the steep northeast cliff of Mt Somers, the Woolshed Creek on the 
NW and W side and Staveley Fault on the southern side. The best exposures are found along these 
boundaries and provide very good cross sections through the rhyolite lava flows and domes. Mt 
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Somers was chosen as a field area to study: 
.. internal structure of rhyolite domes and lava flows; 
.. the spatial relationship between rhyolite domes and ignimbrite sheets; 
.. possible gradational relationships between rhyolite flows and high-grade ignimbrite flows; 
.. the possibility of differentiating numerous domes in cumulo-dome complexes from their colum-
nar jointing patterns and their chemical composition, and 
.. the mechanism of columnar jointing processes in rhyolitic rocks. 
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Chapter 3 
Structure and thermodynamics of 
rhyolitic melts and glasses 
Magmatic melts are regarded as polyanionic liquids of complex composition and structure. Their 
structure is a function of bulk composition, temperature and pressure. Furthermore, the structure 
forms the basis for characterisation and prediction of physical 'and chemical properties which are 
necessary to describe igneous processes. 
A general similarity of silicate glass and melt structure has been described by several authors 
(e.g., SEIFERT et aZ., 1981; TAYLOR et aZ., 1980). The assumption that the structure of quenched 
glasses resembles that of melt is reasonable especially for melts of highly polymerised alkali alumi-
nosilicate composition (SPIERING & SEIFERT, 1985) since in such melts the diffusion rates are slow 
relative to quench rates and the melts show long relaxation times (HOCHELLA & BROWN, 1984). 
Studies of the melt structure in binary, ternary, and quaternary systems provide information 
on the principal structural units which exist in melts in the bulk composition range of natural 
igneous rocks (MYSEN & VIRGO, 1994). These studies lead to a general framework within which 
the structure of chemical complex magmatic melts can be described. 
3.1 General framework of melt structure 
3.1.1 Simple Si02 melts and glasses 
The essential structural unit of silicate melts is the SiO!- tetrahedron. Tetrahedra in crystalline 
silicates are near-rigid units regardless of the degree of polymerisation. The silicate melt structure 
and its properties are a function of the Si-O-Si angle (or T-O-T angle, the intertetrahedral angle) 
and the properties of the non-tetrahedral polyhedra (Fig. 3.1; MYSEN, 1988). Assuming a fixed 
degree of polymerisation, changes in Si-O (or T -0) bond length will result in changes of the T -0-T 
bond angle. An increase in bond length results in a decrease in the intertetrahedral angle, and vice 
versa. Therefore, the Si-O-Si angle varies systematically with the degree of polymerisation of a 
melt network, and it decreases with increasing polymerisation. 
Vitreous silicates have a more flexible structure, in that the intertetrahedral bond angle can 
change without affecting the Si-O bond length (MYSEN, 1988). This, however, weakens the Si-
o bond. The strength of T-O bonds is positively related to the activation energy of diffusion, 
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conductivity and viscous flow (MYSEN, 1988). Therefore, a lowering of the intertetrahedral angle 
will increase the diffusivity and conductivity and lower the viscosity. 
The average structure of vitreous and molten Si02 consists of a three dimensional network of 
SiO!+ tetrahedra with a Si-O distance of 1.60 A and a Si-O-Si angle of 144°. MYSEN (1988) 
described the structural model of vitreous Si02 as two coexisting, three dimensional ring struc-
tures in which the difference in the intertetrahedral angle (5-10°) is consistent with a model of 
interconnected rings of four and six tetrahedra. 
3.1.2 Metal-oxide (M-D) silicates 
Addition of metal oxides to silicate melts results in the formation of non-bridging oxygens. In 
structural terms such silicate melts and glasses can be described, by a polymer model (e.g., MYSEN 
& VIRGO, 1994), as continuously evolving polymers containing bridging (00 ), non-bridging (0-) 
and free (02-) oxygens. For this model the following equilibrium can be written1 : 
A common concept to describe silicate melt struc-
tures is that cations may be subdivided into 
network-formers and network-modifier (e.g., My-
SEN, 1991). The oxygen that connects two SiO!-
tetrahedra is termed a bridging oxygen. A non-
bridging oxygen connects a tetrahedron and a 
non-tetrahedral polyhedron. The central location 
in interconnected tetrahedra linked with bridging 
oxygens is occupied by a network-former; hence, 
they contribute to the formation of more com-
plex anionic units. In contrast, network-modifiers 
take the central position of non-tetrahedral oxy-
gen polyhedra (Fig. 3.1). 
(3.1) 
• Bridging oxygen 
o Nonbridging oxygen 
o Nelwork-formlng cation 
o Nelwork-modlfylng caffon 
Figure 3.1: Graphical representation of the relation-
ship of basic melt structure components (after MYSEN, 
1991). 
The degree of polymerisation of silicate melts is expressed by the ratio of non-bridging oxy-
gens (NBO) to tetrahedrally coordinated cations (T), NBO IT. The ratio is calculated from the 
composition of magmatic liquids as follows2 (e.g., MYSEN & VIRGO, 1994): 
(3.2) 
where n = charge of network-modifying metal cation, Mi, after the proportion required for charge-
balance of tetrahedrally coordinated AI3+ and Fe3+ is subtracted. Metal cations which act as 
lHowever, one has to bear in mind, as HESS (1980) pointed out, that this is a shorthand notation which does not 
refer to discrete oxygen ions in a melt, but to certain bonding configurations in the homogeneous equilibrium: 
Si-O-Si + M-O-M ¢=> 2 Si-O-M. 
2Several calculation algorithms exist in the literature which give slightly different values. They differ from each 
other in the assignment of cations to tetrahedrally coordinated cations. For reasons of consistency the widely used 
algorithm as outlined in MYSEN (1987: 386; 1988: 270-271) is used in this thesis. 
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network-modifiers in simple metal oxide-silica systems may take a network-forming role in natural 
magmatic melts as a consequence of charge-balancing requirements for aluminium and ferric iron 
in tetrahedral coordination. In most magmas magnesium and ferrous iron are the most important 
network-modifying cations. Ferrous iron is more important than magnesium in rhyolites which 
is opposite to all other magmas. Sodium and potassium are relatively unimportant as network-
modifiers in rhyolitic melts (MYSEN, 1987). 
Values of NBG IT range between 0 and 4 (e.g., MYSEN, 1988): 
o -+ fully polymerised melt (tectosilicate melt; e.g., Si02); 
1 -+ melt can have, for instance, a sheet structure (e.g., Na2Si205); 
2 -+ metasilicate melt (e.g., Na2Si03); 
3 -+ pyrosilicate melt (e.g., Na2Si207); 
4 -+ melt with no bridging oxygen (orthosilicate melt; e.g., Na4Si04). 
Most magmas have values of NBG IT between 0 and 1 with increasing NBG IT as the magma 
becomes more mafic (MYSEN, 1991). In this range of NBG IT values the main coexisting anionic 
units can be expressed by: 2T20~- ~ T20t- + 2T02 (SPIERING & SEIFERT, 1985). The average 
value for NBG/T for rhyolites3 is 0.031 ± 0.052 (with a range of 0 to 0.14; MYSEN, 1988). The 
degree of polymerisation may also be expressed by the structural-chemical parameter K, or 'basicity 
coefficient' (e.g., CARRON, 1969; PERSIKOV, 1991)4: 
K = 2(0 - 2H)100 = 100 NBO 
H T (3.3) 
where H represents the total number of network-forming gram-ions (such as Si4+, AI3+, Fe3+, and 
pH) in four-fold coordination to oxygen and belonging to the anionic part of the melt structure 
and 0 is the total number of oxygen gram-ions in the melt. 
3.1.3 Influence of AI, Fe, Ti, and P 
Aluminium 
MYSEN & VIRGO (1994) report that aluminium is in tetrahedral coordination under conditions 
relevant to igneous processes (at least at 1 bar pressure). As a trivalent cation, aluminium is 
charge-balanced in its four-fold coordination with alkali metals, alkaline earths, and ferrous iron. A 
hierarchy of charge-balance seems to exist with K>Na>Ca>Fe2+>Mg (BOTTINGA & WEILL, 1972; 
MYSEN, 1987). However, there exist significant differences between aluminium charge-balanced with 
alkaline earths and aluminium charge-balanced with alkali metals. In the first case the substitu-
tion of aluminium for silicon results in significant (AI,Si) ordering, with AI3+ forming primarily 
AhSi20~- units (SEIFERT et al., 1982). On the other hand, charge balance with alkali metals 
results in random substitution of AI3+ for Si4+. In the latter case, the (AI,Si)-O bond distance 
increases and the intertetrahedral angle (Si,Al)-O-(Si,AI) decreases as a systematic function of 
the proportion of Al3+ substituted for Si4+ resulting in a weakening of bridging (Si,AI)-O bonds 
3 NBO/T values for other magmas are as follows: dacite 0.113 ± 0.040, andesite 0.252 ± 0.123, tholeiite 0.707 ± 
0.250, alkali basalt 0.681 ± 0.264, basanite 0.808 ± 0.267, and nephelinite 0.909 ± 0.334 (MYSEN, 1987). 
4Although the equation indicates that the 'basicity coefficient' equals 100·NBO/T, this is not true when, for 
instance, the NBO/T is calculated according to MYSEN (1987; see also comment in footnote 2). PERSIKOV (1991) did 
not state which algorithm he used to calculate the NBO/T ratio. It appears, for instance, that he does not consider 
titanium a tetrahedrally coordinated cation. 
23 
CHAPTER 3. STRUCTURE AND THERMODYNAMICS OF RHYOLITIC MELTS AND GLASSES 
(MYSEN & VIRGO, 1994). Therefore, any melt property that depends on the bridging-oxygen bond 
strength (e.g., diffusion, conductivity, and viscosity) will be affected. 
In depolymerised melts, AI3+ substitutes principally for Si4+ so that the abundance of fully 
polymerised units increases with increasing AI/(Al+Si). This situation leads to two competing 
mechanism that affect melt viscosity. Viscosity decreases as the melt becomes more aluminous, 
but increases with increasing AI/(AI+Si) and the increasing abundance of fully polymerised units 
(MYSEN & VIRGO, 1994). 
Spectra of alkaline earth aluminosilicates are consistent with two or three different coexisting 
three-dimensional interconnected structural units in such fully polymerised glasses: (i) AhSi20~­
units, (ii) six-membered, three-dimensionally interconnected rings similar to that of molten Si02, 
and (iii) probably AI02 units in very aluminous melts, i.e., with AI/(AI+Si»0.5 (MYSEN & VIRGO, 
1994). 
Iron 
Iron is the only major element that occurs in more than one oxidation state in natural magmatic 
liquids. Spectroscopic studies indicate that ferrous iron is a network-modifier in most silicate melts 
(MYSEN, 1991). Ferric iron, however, occurs as both a network-modifier and a network-former 
in natural magmatic melts with an increasing proportion of tetrahedrally coordinated ferric iron 
as melts become more polymerised (MYSEN, 1987). Therefore, in rhyolitic melts ferric iron is 
commonly in tetrahedral coordination. Tetrahedrally coordinated ferric iron is charge-balanced 
with alkali metals, alkaline earths or ferrous iron. It is suggested that a hierarchy of charge-balance 
exists which is similar to that for aluminium: K>Na>Ca>Fe2+>Mg (MYSEN, 1987). 
The coordination of ferric iron also depends on the ratio Fe3+ /L:Fe: for Fe3+ /L:Fe < 0.3 it 
is six-fold coordinated (MYSEN & VIRGO, 1994); for Fe3+ /L:Fe = 0.3-0.5 ferric iron takes both 
coordinations and occurs in clusters compositionally resembling Fe304; and for Fe3+ /L:Fe > 0.5 
ferric iron occurs in four-fold coordination (MYSEN, 1988). Although in rhyolites Fe3+ /L:Fe may 
range from 0-1.0 (MYSEN, 1988) most rhyolites have a Fe3+ /L:Fe greater than 0.5 (MYSEN, 1987). 
Mossbauer spectroscopic studies by SPIERING & SEIFERT (1985) show that Fe3+ occurs in 
separate clusters and forms preferentially 3D interconnected Fe3+0Tspecies (rf. also to GOLDMAN, 
1983). This is in contrast to the behaviour of aluminium which, regardless of the type of charge-
balancing cation, randomly substitutes for silicon. Fe3+ preferentially occupies octahedral sites 
adjacent to depolymerised T0 4- -units (MYSEN et ai., 1984). 
Changes in the Fe3+ /L:Fe ratios in silicate melt can significantly affect their degree of poly-
merisation and the ratio is positively correlated with the bulk melt AI/(AI+Si) and NBG /T. The 
Fe3+ /L:Fe ratio of iron gives valuable clues to the petrogenetic history of igneous rocks since it is a 
function of temperature, oxygen fugacity and pressure, amongst other parameters. 
Titanium 
Titanium forms two differently coordinated Ti-O polyhedra in SiOT Ti02 glasses: one is four-fold 
coordinated with a Ti-O distance of 1.80±0.02 A, and the other is six-fold coordinated with a Ti-O 
distance of 1.92±0.02 A. In the concentration range of ca. 1-7 wt-% Ti02 nearly 100 % of the 
titanium is four-fold coordinated. If the Ti02 content drops below ca. 1 wt-%, six-fold coordinated 
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Ti4+ rapidly becomes more important (MYSEN & VIRGO, 1994). 
Phosphorus 
Phosphorus shows a complex behaviour in silicate melts. Addition of phosphorus to pure Si02 
(SiOT P 20 5 system) results in a marked decrease in activity of Si02 which is attributed to copoly-
merisation of pH in the Si02 network rather than phosphorus acting as a network modifier 
(RYERSON & HESS, 1980). Phosphate and silicate anions have very similar structures in which 
both silicon and phosphorus are four-fold coordinated. The general formulae are (Pn 0 3n+1)-n-2 
and (Sin 0 3n+1)-2n-2, indicating that both cations are capable of forming chain and ring struc-
tures. However, one of the four P-O bonds is a double bond (P=O) which limits the linking of 
phosphate anions with each other (COTTON & WILKINSON, 1966). Differential infrared technique 
(DIR) confirmed the presence of both P=O and P-O-Si linkages (WONG, 1976). 
In MxOy-Si02-P205 melts, phosphorus has a greater affinity for metal cations than for silicate 
anions resulting in polymerisation of the melt by complexing M n+ and destroying Si-O-M-O-Si 
bond complexes. The reaction 
1.5 Si-O-M-O-Si + P02.5 {:=:?- 1.5 Si-O-Si + M1.5P04 (3.4) 
demonstrates the breaking of non-bridging and simultaneous creation of bridging oxygens. 
Since the behaviour of phosphorus depends on the alkali/aluminium ratio of the melt, phospho-
rus takes different roles in melts of different alkali/aluminium ratio. In peralkaline melts phosphorus 
removes alkalis from the melt to form alkali phosphate complexes, which results in polymerisation 
of the remaining network domains (2 Si-O-M + P-O-P ~ 2 P-O-M + Si-O-Si; TOPLIS & 
DINGWELL, 1996). In metaluminous melts, phosphorus disrupts network-forming NaAI02 alumi-
nate complexes to form aluminium and alkali phosphate complexes: NaAI02 + P 20 5 ~ AIP04 + 
NaP03 (CAN & HESS, 1992). In strongly peraluminous melts, phosphorus combines with excess 
Al and forms AIP04 complexes (most likely in a reaction such as: 2 SiAI02 + P205 ~ 2 AIP04 + 
Si-O-Si; TOPLIS & DINGWELL, 1996). 
3.1.4 Structural relaxation 
The concept of structural relaxation describes a change in the average liquid structure 
and is here briefly introduced since it is fundamental in the understanding of the glass transition 
(see section 3.3 on page 31) .. In the liquid'state the local liquid structure is continually 
rearranging with the breaking and remaking of chemical bonds. Any changes in one locale is com-
pensated by opposite changes in some other locale, in such a way that the average structure remains 
constant (MOYNIHAN, 1995). This continual structural rearrangement provides the mechanism for 
the fluid behaviour of liquids whereby the structural units can move past each other. The breaking 
and making of chemical bonds, as continually happens during structural relaxation, will contribute 
to changes in enthalpy (H), entropy (8), and volume (V), of liquids as a function of T and p. 
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3.2 Structure of synthetic and natural rhyolitic melts 
Studies on binary, ternary and quaternary silicate melts indicate that natural melts and glasses 
cannot be treated as continuous polymers that evolve continuously as a function of changes in melt 
polymerisation (MYSEN & VIRGO, 1994). In natural systems a small number of comparatively 
simple tetrahedral complexes coexist and their proportions are dependent on the bulk composition. 
The substitution of four-fold coordinated cations other than Si4+ (AI3+, Fe3+, Ti4+ and pH) does 
not follow a random pattern but tends to favour particular structural units and hence forms clusters 
of local order (MYSEN & VIRGO, 1994). 
The principal structural unit in highly polymerised melts (NBO/T<l) isa 3D network (T02 ), 
the abundance of which is positively correlated with a decreasing NBO/T ratio. In rhyolitic melts 
more than 95% ofthe melt structure consists ofT02 units (MYSEN, 1987). T02 units are basically a 
mixture of alkali charge-balanced AISi30 s and predominantly alkaline earth-balanced AbSi20~-. 
In the latter unit ferrous iron charge-balances a significant amount of tetrahedrally coordinated 
aluminium in rhyolitic melts (MYSEN, 1987). Non-bridging oxygens occur mainly in structural 
units having a NBO/T ratio of one (T205 units). 
Direct analytical methods used to study the structure of glasses and melts include X-ray dis-
tribution analysis, Raman spectroscopy, Mossbauer spectroscopy, X-ray emission spectroscopy, 
infrared spectroscopy, and XANEX (X-ray Absorption Near Edge Structure) and EXAFS (Ex-
tended X-ray Absorption Fine Structure) spectroscopy amongst other spectroscopic methods (see 
HOCHELLA & BROWN, 1984 for further methods and references). X-ray and neutron diffraction 
techniques give the most direct information on the atomic arrangement of amorphous materials 
(OKUNO et al., 1996). Radial distribution function (RDF) curves derived from X-ray diffraction 
data give a good insight into the structural framework of glasses and melts and were recently used 
to determine the structure of natural glasses and melts of rhyolitic composition. 
3.2.1 Basics of radial distribution analyses 
The form of RDF often chosen is G(r) = 47r2p(r) (in units of electrons2 fA) which gives the proba-
bility of finding two atoms separated by a distance r + dr weighted by the product of the number of 
electrons belonging to each (HOCHELLA & BROWN, 1984). However, an experimentally determined 
RDF cannot be accurately interpreted beyond ~4 A without comparing it with a calculated RDF 
derived from a model. The calculation of RDFs for an amorphous structure takes one of two forms 
(HOCHELLA & BROWN, 1984): 
lit Quasi-crystalline modelling technique calculates RDFs based on a mathematically 'disrupted' 
crystal structure, thus retaining only the short-ranged order (e.g., TAYLOR, 1979). In general, 
these models have a higher degree of order than that of a true amorphous material. 
III Construction of an atomic model of the glass either by 'laboratory' modelling or by direct 
computer modelling: 
- With laboratory modelling (e.g., MOZZI & WARREN, 1969) the interpretation of exper-
imental RDFs is virtually impossible beyond a radial distance of ~4 A for glasses as 
simple as Si02. 
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Molecular dynamics (MD) simulation is a useful form of computer modelling that gives 
close matches between calculated and observed RDFs even for relatively high r values. 
Radial distribution analysis proves to be more compositionally sensitive at low radial distances, but 
more structurally sensitive beyond distances of the first nearest neighbour (ROCHELLA & BROWN, 
1984). 
3.2.2 RDF of synthetic and natural rhyolite glasses and melts 
Synthetic rhyolite glasses 
ROCHELLA & BROWN (1984) found in a compar-
ative study of silica, albite, orthoclase, and rhyolite 
glasses that the RDFs of these glasses are remarkably 
similar-and quite different from RDFs of anorthite 
and basalt glasses. Therefore, all four glasses have a 
similar tetrahedral polymerisation scheme. Subtle dif-
ferences in RDFs, especially at low r, are interpreted 
to reflect compositional differences. The RDFs of the 
four glasses show a distinct minima between 4.4 and 
4.7 A indicating that four-membered rings are not a 
major structural component. Maxima at 5.1 A suggest 
the presence of six-membered tetrahedral rings. This is 
consistent with a study by TAYLOR & BROWN (1979a) 
who found that all glasses in the Ab-Or-silica system 
are based on a stuffed framework structure. This struc-
ture is characterised by six-membered rings of Si and 
Al tetrahedra polymerised into a framework with Na 
and K occupying interstitial sites (Fig. 3.2). 
RDFs of synthetic rhyolite glasses indicate that 
the predominant ring type is six-membered tetrahe-
dral rings and that they are polymerised into a frame-
work structure. However, ROCHELLA & BROWN (1984) 
pointed out that statistical thermodynamic considera-
Figure 3.2: Schematic representation of the 
rhyolitic melt structure. Symbol (+) indicates a 
cation, (-) an anion, plain circles represent neu-
tral species, and SiO!+ tetrahedra are depicted 
with (-) charges on their corners. 
tions indicate the presence of four-membered tetrahedral rings and other ring configurations in 
these glasses. This general structural model for glasses of rhyolite melts is substantiated by Raman 
studies (e.g., SHARMA et al., 1982) and by RDF modelling (e.g., OKUNO & MARUMO, 1982). 
ROCHELLA & BROWN (1984) substantiated the general structural model in terms of structure-
dependent properties such as density and viscosity. Model density of rhyolite composition glass 
calculated on the basis of the nepheline formula5 is in good agreement with the observed density 
(2.41 and 2.40 g/cm3 , resp.). This indicates that the local structure in a nepheline framework is a 
reasonable model for the non-periodic but probably similarly disordered framework of rhyolite glass. 
The decrease of melt viscosity in the order Si02 >or>ab>rhy>jd>ne is explained by HOCHELLA & 
5Nepheline has a 'stuffed' six-membered ring framework structure. 
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BROWN (1984) as due to the effects of various concentrations and types of interstitial cations on the 
framework along with the change of Al content in the framework. The intermediate viscosity of the 
rhyolite melt may be explained by the averaging effect of the various framework weakening cations 
present in the melt (e.g., K+, Na+, and Ca2+). The authors also discussed a model of short-lived 
five-coordinated Si (see also WOODCOCK et al., 1976) which by continued formation and breakup 
of defect complexes allows the framework to become highly mobile and hence fluid. This model 
is based on diffusion studies in BeF2 which has an Si02-like framework structure (BRAWER, 1981; 
BRAWER & WEBER, 1981). In such BeF2 melts, the framework around the defect site can be 
reconfigured upon breakup in such a way that certain bridges are broken while others are formed. 
This also means a displacement of anions from one polyhedron to another while cations exchange 
their neighbours. ROCHELLA & BROWN (1984) discussed two examples of possible formation and 
breakup of a defect complex in rhyolite composition melts: 
(A) (I) T 
I 
T"'O-A 
I I 
A-O .. ·T 
I 
T 
(B) (I) T 
I 
o 
I 
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(II) T 
I 
T-O-A 
I I 
A-O-T 
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T 
A A 
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(III) T 
I 
T-O-A 
.. 
A-O-T 
I 
T 
(III) A T 
A""I/ A-O 
I ". 
T-O-T 
where T = Si, AI; 0 = oxygen; A = Na, Mg, K, Ca. (I) denotes the complex formation, (II) the complex itself, 
and (III) shows the complex breakup .... indicates the approach [in (I)] or departure [in (III)] of an oxygen into and 
out of the coordination range of T. T is four-fold coordinated, and A has multiple bonds with oxygens-'-neither of 
which are depicted. 
Case (A) describes defect complexes formed in the vicinity of two bridging oxygens and involves 
two five-coordinated 'tetrahedral' cations (T) and two oxygens coordinated to three T's. Case 
(B) is for neighbouring bridging and non-bridging oxygens. Rere, the defect complex involves one 
five-coordinated T. In both cases, the framework is reconfigured by exchanging the tetrahedral 
neighbours bridging bonds. 
Natural rhyolite glasses 
ZOTOV et al. (1989) studied the structure of perlites from Eastern Rhodopes, Bulgaria, by X-ray 
RDF analysis and found their short-range order to be compatible with a six-membered tetrahe-
dral ring polymerisation with some contribution of four-membered rings-in agreement with the 
structure of synthetic rhyolitic melts and glasses, as described above. Average values of nearest 
neighbour distances are 1.615±O.005 A for T-01, 2.66±O.02 A for 0-01 , and 3.16±O.02 A for 
T-Tl. The averaged T-O-T bond angle is 157±4°, and the averaged T-T2 distance of the six-
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membered tetrahedra rings is 5.1 A. The relatively high T-O-T bond angle is due to an unpuckering 
of the tetrahedral rings and may be caused by the presence of molecular water in the network. The 
low Na20+K20 content «10 wt-%) of these perlites, and the fact that Na-01, K-01 and alkali-
alkali distances are not resolved in RDF curves, suggest that alkali cations are not clustered but 
homogeneously spread through the perlites and fill network voids. The presence of a large number 
of mono- and divalent cations and the relatively high water content of these perlites (3.6 to 6.7 
wt-%) point to a partially depolymerised structure in the middle-range order. 
Very similar results were recently reported by- OKUNOet al. (1996) using the same method 
to analyse the structure of obsidian and fused obsidian from Obsidian Dome in the High Cascade 
Range, Oregon. They found that the T-T distance (3.15 A) and T-O-T angle (149°) of obsidian (a 
dry glass) are smaller than those of perlite (a wet glass). Wide and broad peaks of T-O and T-T 
atomic pairs in RDF curves of obsidian are explained by a large deformation of T04 tetrahedra and 
their repolymerisation below the melting point. Therefore, obsidians bearing microlites, crystallites 
and maybe nuclei have a more deformed glass structure which may in part be explained by deformed 
T04 tetrahedra linkages at the crystal/liquid (or crystal/glass) interface. A long-range ordering 
of obsidian (region of RDF curves > 5.5 A) indicates the presence of T04 tetrahedra clusters 
(micro-crystal like domains) marking the beginning of crystallisation below the melting point. 
3.2.3 Influence of volatiles 
Water specification 
NMR, infrared and near-infrared spectroscopy indicate that water-bearing silicate glasses contain 
both hydroxyl groups and molecular water. Studies by STOLPER (1982) demonstrate that the 
proportions of the two water species vary systematically with total dissolved water content, but 
show no correlation with the quenching history of the glasses. The speciation of water in glasses 
reflects that of the melts from which they were quenched (e.g., TAYLOR et al., 1980; SEIFERT et 
al., 1981). Interactions in the melt between molecular water, hydroxyl groups and the silicate 
framework may be described by the homogeneous equilibrium: 
(3.5) 
where OH are hydroxyl groups attached to a silicate polymer. The appearance of (Si,AI)-OH·· . HO-
(Si,AI) linkages results in depolymerisation ofthe tetrahedra (breaking of Si-O-Si bonds) and thus 
dramatically reduces the melt viscosity (HOCHELLA & BROWN, 1984). Hydroxyl groups may also 
simply weaken some Si-O-Si bonds without depolymerisation (KOHN et al., 1989). Molecular water 
is structurally bound in rhyolite glass rather than present as a distinct phase within melt inclusions 
(STOLPER, 1982). 
Eq. 3.5 is strictly applicable only if the assumption that all oxygen atoms which are not attached 
to molecular water or hydroxyl groups are bridging oxygens that are essentially indistinguishable 
and energetically equivalent (STOLPER, 1982). Therefore, the model is only applicable to highly 
polymerised, anhydrous melts, such as rhyolitic melts. 
Figure 3.3 shows trends of the two water species in relationship to the total water content 
based on infrared spectroscopic data (STOLPER, 1982; SILVER et al., 1990). At low water content 
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water dissolves predominantly as hydroxyl groups. With increasing total water content the amount 
of hydroxyl groups increases rapidly at low water contents but levels off at high water contents. 
Molecular water, however, is present only as a small proportion of the total water at low water 
content, but its concentration increases rapidly with increasing total water. At high total water 
content, molecular water is the dominant species. At ca. 4.5 wt-% H20 a change in the dissolution 
mechanism of water takes place; up to this value chemical dissolution as hydroxyl is predominant 
and above this value physical dissolution as molecular H20 becomes dominant. 
STOLPER (1982) pointed out that the variation in electri-
cal conductivity and diffusion coefficient of 'water' in granitic 
melts show a similar trend as the variation in OH- concentra-
tion of acidic glasses, as described above. The reason for the 
correlation between these properties and the amount of hy-
droxyl groups is the creation of cationic sites associated with 
NBOs in the melt (WATSON, 1979, 1981). Conductivity is 
then based on the movement of protons and other cations be-
tween these sites and would increase with increasing number 
of these sites in the melt. In similar fashion, diffusion of 'wa-
ter' may be dominated by protons moving between hydroxyl 
groups, rather than by movement of water molecules. 
Fluorine 
Figure 3.3: Trend of water speciation 
concentration [hydroxyl groups (X -OH, 
XiH) and molecular water (H-O-H)] vs. 
total water content of silicate glasses (af-
ter STOLPER, 1982). 
Due to the similar size and charge of F- and OH-, similar roles for fluorine and water in depoly-
merisation and resulting viscosity decrease in polymerised melt have been suggested (DINGWELL 
et at., 1985). Their study showed that the addition of F strongly reduces the rheological properties 
of all melts studied which is explained by substitution of F for bridging oxygens, thus replacing 
Si-O-(Al,Si) bridges with Si-F bonds. The effect of one mole of fluorine is equivalent to that of one 
mole of water which implies that both disrupt an equivalent number of oxygen bridges in highly 
polymerised melts. 
Fluorine dissolves readily in water-bearing melts-to several wt-% even at a pressure of 1 bar 
(MYSEN, 1988). In the presence of fluorine, H2 0 solubility increases remarkably (PERSIKOV, 1991). 
In contrast to the above finding, PERSIKOV (1991) suggested that the overall effect of fluorine 
on melt rheology is zero. Fluorine acts as a polymeriser at the intermediate stage in the interaction 
between the aqueous fluoride fluid and a granitic melt because it binds to alkaline metal cations. 
The interaction may be schematically described by the following set of equations: 
2(= Si-O-Na) + 2 HF --'- = Si-O-Si = +2 H20 + 2 NaF --'- 2(= Si-O-H) + 2 NaF (3.6) 
As can be seen in the equation, the molar amount of bridging oxygens in melt remains essentially 
the same, indicating that fluorine does not have an overall effect on melt viscosity. However, the 
findings of PERSIKOV (1991) are in conflict with the viscosity-reducing effect of fluorine addition 
to melts as experimentally shown (e.g., DINGWELL, 1987; see also page 46). 
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Chlorine 
Chlorine considerably increases the viscosity of hydrous granitic melts. This effect is due to the 
removal of alkali and iron from the melt to the aqueous chloride fluid, and not to incorporation of 
chlorine into the melt structure (PERSIKOV, 1991). Relative to fluorine, chlorine has a low solubility 
in a all melts. 
3.3 Melt-glass transition region 
The solid state commonly called glass6 is the result of solidification of supercooled liquids. If a 
liquid cools rapidly below its equilibrium crystallisation temperature, Te , it may fail to crystallise 
but forms an amorphous solid that lacks the long-range crystallographic order of the crystalline 
state (e.g., CARMICHAEL, 1979). However, the two states-supercooled liquid and glass-are not 
identical. 
Continued cooling of a supercooled liquid eventually results in 
discontinuous changes of Cp and a at the glass transition temper-
ature, Tg (Fig. 3.4). Therefore, the nature of the transformation 
supercooled liquid ~ glass is second-order. The structure of the 
vitreous state corresponds to the equilibrium structure of an un-
dercooled melt at a given temperature, the so-called fictive temper-
ature, Tfi. In the liquid state the structure is in equilibrium and 
Tfi equals T. During cooling of the liquid into the glass transi-
tion region, the melt structure deviates from equilibrium and Tfi 
is different from T. At lower temperatures Tfi is temperature in-
dependent and the glass structure represents that of the 'frozen-in' 
liquid (e.g., WEBB, 1997). In glasses, crystallisation processes and 
chemical reactions of the original melts are frozen-in (GUTZOW & 
HEIDE, 1996). 
CARMICHAEL (1979) defines the glass transition temperature as 
the temperature at which an appreciable translational immobility 
of atoms or particles sets in, or in other words, at which relax-
ation rates for structural rearrangement become slow relative to 
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Figure 3.4: Relationship of ther-
modynamic properties to equilib-
rium and glass-transition tempera-
ture (after: CARMICHAEL, 1979). 
the cooling rate (STEBBINS et al., 1984). An instantaneous change of an intensive thermodynamic 
parameter, such as temperature, is not accompanied by an instantaneous change in structure of a 
silicate melt and in extensive properties-they rather 'relax' towards the new equilibrium values, 
the time period of which is known as relaxation time (DINGWELL, 1995). 
The concept of glass transition as a single temperature is based on the fact that most laboratory 
methods employed to measure the glass transition (such as scanning calorimetry, dilatometry) 
involve timescales of several seconds to several minutes which result in essentially constant relaxation 
times. However, more generally, the glass transition forms a curve in the time-(inverse) temperature 
6GUTZOW & SCHMELZER (1995) gave the following definition of glasses: "Glasses are thermodynamically non-
equilibrium, kinetically stabilised amorphous solids, in which the structural disorder and the thermodynamic proper-
ties corresponding to the respective undercooled melt ata higher temperature (the temperature of vitrification, Tg) 
are frozen-in". 
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space describing the fact that with increasing temperature the structural relaxation time is reduced 
(Fig. 3.5; DINGWELL & WEBB, 1989). If the rate of perturbation of a melt at any given temperature 
is faster than the relaxation time, a glassy (solid-like) response will result. 
The kinetic nature of Tg (RICHET, 1984; RWHET 
& BOTTINGA, 1986) is expressed in the dependence 
of Tg on cooling rate. Faster cooling rates result in 
a higher Tg since there is less time for relaxation of 
the structure and entropy changes of the melt phase 
(STEVENSON et al., 1995). This dependence also means 
that glasses with different structures and properties are 
formed (e.g., BOUSKA, 1993). The dependence of Tg 
on heating and cooling rates gives information on the 
relaxation time of the melt structure which forms the 
basis for differential thermal analysis (DTA) of natu-
ral glasses. The correspondence of activation energy of 
enthalpic relaxation with the activation energy of vis-
cous flow (SCHERER, 1984) allows the establishment of 
a relationship between Tg and viscosity which is inde-
pendent of melt composition (MOYNIHAN et al., 1976): 
i 
(J) 
E 
+= 
liquid 
(relaxed) 
glass 
(unrelaxed) 
temperature -1 ~ 
Figure 3.5: Relaxation time defines the glass 
transition curve in the time-(inverse) tempera-
ture space. The curve divides the behaviour of 
silicate melts into two fields of response: The 
liquid field at long timescales and high tempera-
tures and the glass field at short timescales and 
low temperatures (after: DINGWELL, 1995). 
(3.7) 
where 'f/s is the shear viscosity at Tg , q the quench rate in °C s-l, and constant k = 10.49 ± 0.31 
(as experimentally determined by STEVENSON et al., 1995). Eq. 3.7 allows one to estimate melt 
viscosity at Tg • 
The close link between enthalpic and rheological properties of natural glasses at Tg also means 
that the viscosity of silicic melts at a consistently defined Tg is constant (STEVENSON et al., 1995)-
log'f/ = 1012 Pa s represents by definition the state ofTg (STEVENSON, pers. comm.). This conforms 
with the definition commonly used in the glass industry according to which Tg is the temperature at 
which the viscosity of a supercooled liquid exceeds 1013 poise (e.g., DOREMUS, 1973; ILLIG, 1991)7. 
A first order estimate of Tg is given with the 'two-third rule', 2/3 of the liquidus temperature of a 
melt (SAKKA & MACKENZIE, 1971). Table 3.1 lists reported values of Tg for rhyolitic glasses. The 
relatively wide scatter of Tg values reflects the (here unknown) dependence on cooling rate and also 
the dependence on the interpretation of analysis results. For instance, Tg is variously defined in 
DTA based on the position of the peak in the cp curve; the extrapolated onset of the heat capacity 
curve, the lower inflection point, or the peak of a DTA curve (e.g., STEVENSON et al., (1995; WEBB, 
1997). TGA-DTA analysis of rhyolitic rocks show that Tg decreases linearly with increasing water 
content « 1.1 wt-%), described by the experimental equation Tg = 778 - 223 W H2 0 (TANIGUCHI, 
1981). 
7The difference between Tg arbitrarily defined as the temperature at a viscosity of 1013 poise and Tg derived by 
calorimetric measurements was described by NEUVILLE et al. (1993) as 852°C and 765°C, resp., a difference of 87°C. 
The calorimetric glass transition corresponds to a viscosity value of 1011 .5 poise which is close to the experimentally 
derived viscosity of 101l.7±D.5 poise marking the glass transition of other silicate glasses (NEUVILLE & RICHET, 1991). 
In the light of these experiments the arbitrarily defined viscosity value of 1013 poise for glass transition should be 
changed to 1011 .5 poise. 
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Table 3.1: Examples of Tg for rhyolitic glasses reported in literature 
520°C 
670°C 
690°C 
ca. 700°C 
778°C 
790°C 
ca. 800°C 
852°C 
855°C 
analysis method 
peak in TGA curve (1.8 wt-% water), heat rate: 10°C min- 1 
DTA 
peak in TGA curve 
change in slope of diffusion coefficient, for water 
TGA-DTA (anhydrous composition) 
mean specific heat measurement 
DTA 
intersection of enthalpy curves for glass and liquid 
peak in TGA curve (anhydrous), heat rate: 10°C min- 1 
3.4 Thermodynamics 
reference 
STEVENSON et al. (1997) 
TANIGUCHI (1974) 
ERICSON et al. (1975) 
SHAW (1968) 
TANIGUCHI (1981) 
BACON (1977) 
HEIDE et al. (1996) 
NEUVILLE et al. (1993) 
STEVENSON et al. (1997) 
Heat capacity in silicate glasses is a result of mainly interatomic vibrations, and minor electronic, 
translational, and rotational contributions (e.g. STEBBINS et al., 1984). Distinctly higher heat 
capacities of liquids as compared to glasses are inferred to be the result of an increasing ability to 
form new structural configurations above Tg • This freedom of configurational rearrangement (e.g., 
RICHET & BOTTINGA, 1983) may be expressed by rotation or translation of preexisting structural 
units. Such 'diffusional' motion may only involve stretching or breaking of weak bonds between 
network-modifying cations and non-bridging oxygens, or in highly polymerised melts the breaking 
and reforming of relatively strong AI-O or Si-O bonds (STEBBINS et al., 1984). New structural 
configurations above Tg results in increasing entropy and enthalpy with rising temperatures and, 
hence, higher heat capacity. The abrupt change in Cp at Tg is often used to define the glass-transition 
temperature. 
Models for calculating heat capacities and relative enthalpies of silicate glasses as a function 
of temperature and chemical composition have been proposed, for instance, by STEBBINS et al. 
(1984) and RICHET (1987). Assuming an ideal-solution model, the partial molar heat capacities 
of the components of a solution, Cpi, are independent of composition and the heat capacity is 
expressed as the sum of Cpi and the mole fractions of component i, Xi: 
(3.8) 
STEBBINS et al. (1984) calculated the partial molar heat capacities for the oxide components of 
glasses according to a three-term Maier-Kelley equation: 
(3.9) 
which accounts for the temperature dependence of the heat capacity. The total molar heat capacity 
for multicomponent compositions can be calculated by Cp = 1; Xi ai + T 1; Xi hi + T-2 1; Xi ci. 
RICHET (1987) used a modified form of the Maier-Keller equation to account for the range from 
room temperature to glass transition temperature: 
(3.10) 
However, available data rectify this four-term equation for Si02 and Ab03 only. Constants ai, hi, 
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Ci, and di in Eqs. 3.9 and 3.10 for calculating the heat capacity of glasses are given in STEBBINS et 
al. (1984: 139) and RICHET (1987: 114), resp. Partial molar heat capacities for oxide components 
to calculate silicate liquid heat capacities (Eq. 3.8) are listed in STEBBINS et al. (1984: 140). 
3.5 Diffusion 
Diffusivities of elements playa vital role in many transport related processes in glass such as crystal 
growth during devitrification and phase separation (BAKER & WATSON, 1988). 
Diffusion processes may be described in three ways: self- diffusion, tracer diffusion and chemical 
diffusion. Whereas in self-diffusion no chemical concentration gradients are present, they are a 
prerequisite of chemical diffusion. In tracer diffusion, an isotope (usually radioactive) is introduced 
as a tracer element. All natural melts and glasses contain impurities as a result of which there is 
no practical difference between self-diffusion and tracer diffusion (HOFMANN, 1980). 
3.5.1 Chemical diffusion 
Chemical diffusion describes element migration in response to a chemical (potential) gradient which 
results in a net flux of that element as well as the simultaneous movement of charge-balancing species 
in the opposite direction (e.g., WATSON & BAKER, 1991). Such diffusion processes playa role, for 
instance, in the processes of interdiffusion of two liquids, growth and dissolution of crystals, and 
the introduction of dissolved volatiles. 
WATSON & BAKER (1991) give the following main characteristics of chemical diffusion in mag-
matic melts: 
.. the slowest-moving components are network-formers, especially Si028 ; however, stable com-
plexes of network-modifiers may diffuse equally slow; 
.. the most mobile elements are alkalies, divalent cations, oxygen, and fluorine (when their 
transport is not hindered by counterdiffusion of slower species); and 
61 water content has a pronounced effect on the chemical diffusion of most components possibly 
increasing diffusion by several orders of magnitude. 
Studies by BAKER & WATSON (1988) suggest that the diffusivity of AI, Fe, Si, Mn, Zn, Y, 
and Nb are all within one order of magnitude (10-11 - 10-12 cm s-l) in the temperature range, 
900-1100° C, of rhyolitic melts suggesting a diffusive coupling (Table 3.2). These authors suggested 
that the transport of all elements is mainly controlled by diffusion of network-forming elements, 
such as Si and AI, and their associated oxygen anions. Diffusion of network-forming elements 
determines availability and location of charge-balanced sites which are necessary for diffusion of 
network-modifying minor and trace elements. This dependency explains the similarity of diffusion 
rates for network-modifying and -forming elements, although network-modifiers can have slightly 
higher diffusivities than network-formers due to the existence of suitable sites ahead of the diffusion 
front of network-formers (BAKER & WATSON, 1988). Network-modifying elements with low field 
strength have slightly faster diffusivities which may be explained by a higher abundance of suitable 
sites at which smaller charges are more readily balanced. 
8Devitrification experiments by LOFGREN (1971a) indicate diffusion coefficients in the range from 10-11 to 10-12 
cm S-l. CHEKHMIR & EPEL'BAUM (1991) report similar values with DSi02 = 10-10 - 10-11 cm S-l at low water 
contents. 
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Table 3.2: Chemical diffusion data (Do. EA of Eq. D = Do exp (-EA/ RT)) and ionic radii of diffusing ions in 
obsidian (after: BAKER & WATSON. 1988; effective ionic radii are taken from the listing in BERRY et al .. 1983). 
element radius pre-exponent, Do activation energy, EA 
[A] [cm2 S-I] [kcal mol-I] 
MnH [IVl O.66 7.66 63.51 
Zn2+ [IVl O.60 .48.79 67.66 
Al3+ [IVlO.39/ [VIl O.54 4.93.10- 6 31.49 
Fe3+ [IVl0.49/ [VIl O.55 21.35 68.19 
y3+ [VIlO.90 26.51 66.88 
Zr4+ [IVl O.59 4.29.10-7 24.54 
NbH [IVl O.48 8.10.10-3 46.75 
BAKER & WATSON (1988) found that chemical diffusivities are many orders of magnitude below 
tracer diffusivities of cations. 
Water diffusion 
Diffusion of water plays a vital role in the growth of bubbles in ascending magmas, the hydration 
and dehydration of silicate glasses, and the chemical stability of glasses, among other processes. 
Water diffusion is strongly dependent on the concentration of total water in silicate glasses. The 
chemical diffusion coefficient of water increases strongly with the water content (e.g., ZHANG et al., 
1991). Therefore, a single constant diffusion coefficient for total water does not describe experi-
mentally derived total water concentration profiles. Isothermal diffusion coefficients of water range 
from 10-9 cm2 s-l at very small total water concentrations to 10-7 cm2 s-l at 6 wt-% total water 
(e.g., JAMBON, 1979; WATSON & BAKER, 1991). 
In general, the diffusion coefficient of water is in the range of 10-8 cm2 s-l at 650°C and 10-7 
cm2 s-l at 2 wt-% total water content (e.g., KARSTEN et al., 1982). 
Hydration and dehydration experiments show that D H2 0 values vary by less than a factor of 
two in the T-range from 673-1123°K and total water content ranging from 0.2-1.7 wt-%, and 
the diffusion may be described by Eq. 3.11. The mean bulk diffusivity, Dw during dehydration is 
different from that during hydration. For hydration Dw follows an Arrhenian equation (Eq. 3.12; 
JAMB ON et al., 1992). 
InDH20 = (-14.59 ± 1.59) - (103.00 ± 5.00)/ RT 
InDw = (-25.10 ± 1.29) - (46,48 ± 11.40)/RT 
where D H20 is in m2 s-l and R is the gas constant (8.312311 J K-1 mol-I). 
(3.11) 
(3.12) 
The diffusing species for 'water' is neutral molecular H20, hydroxyl groups are essentially im-
mobile9 (DOH/ DH20 « 1; ZHANG et al., 1991). However, hydroxyl groups are thought to provide 
the diffusing H20 species by reaction with melt structure (DOREMUS, 1969). Conversion of OH 
into H2 0 may be regarded as instantaneous as long as the water content is high, and it represents 
the basic principle for bubble growth and degassing (ZHANG et al., 1995). 
The mechanism for water diffusion involves the reaction of a water molecule with bridging 
oxygen at site 1. For any further water molecule to enter the melt it has to penetrate to a bridging 
oxygen at site 2 (KARSTEN et al., 1982). This process explains the fact that jump distance and Do 
9CHEKHMIR et al. (1988) however reported a significant diffusion of hydroxyl groups. 
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increase with increasing water content. 
Kinetics of the homogeneous dissociation reaction of water (see Eq. 3.5 on page 29) are impor-
tant in understanding the cooling history of lava flows. With increasing total water content and 
increasing temperature the reaction rate increases (e.g., ZHANG et al., 1995). These authors found 
that the water speciations changed in rhyolite glasses quenched from 850°C or higher temperatures. 
Therefore, natural rhyolitic glasses and glass inclusions do not record the water speciation of the 
pre-eruptive melt. The total water content however may be the same. 
The dissociation reaction of water may be used as a geospeedometer. This is based on the 
assumption that the glass transition temperature, Tg , as defined by viscosity, is the same as the 
apparent equilibrium temperature, T ae , of the interconversion reaction between H20 m and OH 
(ZHANG et al., 1997). This equivalence may allow accurate viscosity estimates at very high values 
using Tae and cooling rate values. Application to obsidians from Mono Craters showed that different 
glass types have different cooling rates which cover a range of four orders of magnitude (ZHANG 
et al., 1995). These authors demonstrated that complex cooling histories involving reheating may 
be established. Cooling rates of these glasses were on the order of 0.0003 to 5.5°C s-l. Similar 
cooling rate values covering four orders of magnitude were gained by relaxation geospeedometry of 
different glass samples from a relatively limited suite of volcanic facies (WILDING et al., 1995). 
3.5.2 Tracer diffusion 
Tracer and self-diffusion experiments usually involve the introduction of radioactive isotopes which 
intermingle with other isotopes of the same element. Therefore, this kind of diffusion specifically 
characterises atomic migration without any potential gradient and hence no net flux (WATSON & 
BAKER, 1991). This makes tracer diffusion especially suitable for the fields of geochemistry and 
geochronology, but can also be used in processes involving trace element transport. 
The temperature dependence of diffusion coefficients, D, follows an Arrhenius relation: 
D = Do exp(-E/RT) (3.13) 
where Do is the Arrhenian pre-exponent (or "frequency factor", HOFMANN, 1980). A plot of log D 
VS T- 1 usually gives a straight line over a large temperature range where Do is derived from the 
intercept and E is derived from the slope of the line. 
Tracer diffusion data (E, Do) for a number of elements in pitchstones and obsidians are listed 
in Table 3.3. The data of HENDERSON et al. (1985) show that there are two types of composition-
dependent diffusivity. Whereas Li and Na show a slight increase in diffusivity with increasing Si02 
content, Ba, Co, Fe, Cs, Sr, and Eu are characterised by a strong decrease in diffusivity with 
increasing Si02 content. The difference in diffusion coefficients between obsidians and pitchstones 
may be explained by the marked difference in water content in both rocks. 
MAGARITZ & HOFMAN (1978) established the following general relationships between ionic 
charge, ionic radii and diffusion for a given temperature: (i) The diffusion coefficient decreases with 
increasing ionic radius. This effect is more pronounced for monovalent than for divalent ions. (ii) 
The diffusion coefficient decreases with increasing ionic charge. These observations are consistent 
with structural models of silicate glasses in which alkali and alkaline earth elements migrate as 
single cations through a polymerised melt structure. Furthermore, the authors found that the 
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Table 3.3: Tracer diffusion data (E, Do of Eq. D = Doexp(-EA/RT)) and ionic radii of diffusing ions in 
pitch stones and obsidians (data for pitchstone taken from HENDERSON et al., 1985; effective ionic radii are taken 
from the listing in BERRY et al., 1983). 
element radius pre-exponent, Do activation energy, EA 
[A] [cm2 S-I] [kcal mol-I] 
pitchstone 
Li+ [VIl O.76 1.98 20.1 
Na+ [VIl1.02 0.19 ± 0.98 36.3 ± 7.2 
Cs+ [VIl1.67 0.66 ± 1.84 52.3 ± 13.6 
BaH [VIl1.35 3.20 ± 1.07 31.0 ± 8.0 
Mn2+ [VIl O.67 0.60 ± 1.07 50.3 ± 7.9 
C02+ [VIl O.65 2.03± 0.72 40.0 ± 4.1 
EuH [VIl1.17 0.11 ± 0.98 60.4 ± 7.1 
FeH [IVl 0.49/ [VI]0.55 2.24 ± 0.82 42.3 ± 6.1 
obsidian 
Na+ [VIl1.02 0.044 22.91) 
K+ [Ivl1.37 0.0050 26.02) 
Rb+ [VIl1.52 0.0022 30.62) 
Cs+ [VIl1.67 0.0812 49.92) 
Sr2+ [VIl1.18 0.055 42.73) 
Ba2+ [VIl1.35 0.038 45.73) 
1) SIPPEL (1963); 2) JAMBON & CARRON (1973); 3) MAGARITZ & HOFMAN (1978) 
Stokes-Einstein relation is not consistent with the actual behaviour of cations in silicate melts, and 
that there is no simple relationship between viscosity and cation diffusivity. The latter finding 
should be apparent from the fact that the activation energies of diffusivities of different cations in 
the same melt are very different, whereas the activation energy of viscous flow takes only one value 
in one temperature region. 
However, according to EPEL'BAUM (1980) there is a linear relationship (Eq. 3.14) between 
diffusion coefficients and viscosity, which is based on experimental evidence on diffusion of various 
components in glasses and their melts. Experimental data by CHEKHMIR & EPEL'BAUM (1991) for 
some major elements were fitted to Eq. 3.14 and are listed in Eqs. 3.15 to 3.18. 
10gD = A - B log 7] 
log DSi02 = -6.633 - 0.580 log 7] 
log D Ab 0 3 = -6.927 - 0.352 log 7] 
10gDMgo = -5.107 - 0.607 log 7] 
log Deao = -4.048 - 0.671 log 7] 
(3.14) 
(3.15) 
(3.16) 
(3.17) 
(3.18) 
Tracer diffusivity studies also show that alkali diffusion proceeds much more rapidly than net-
work oxygen and silicon diffusion (e.g., JOHNSON et at., 1951). Network oxygen diffusivity is 
controlled by the exchange frequency of 0 anions involving temporary breaking of bonds to cations 
so that the cations are free to move. At high viscosities the diffusivities of some cations are much 
faster than oxygen, and network oxygens appear to be in a fixed structural site during a diffu-
sive jump. At higher temperaturesdiffusivities of cations and oxygen approach each other until 
cationic diffusivities are only 1-2log10 units faster than the network oxygen and silicon diffusivities 
(DINGWELL & WEBB, 1990). 
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3.6 Summary 
The structure of binary, ternary, and quaternary silicate systems may be described by the polymer 
model in terms of the equilibrium equation: 0 0 + 0 2- ~ 20-, where 0 2- is a free oxygen, 0 0 is 
a bridging oxygen connecting two SiO!+ -tetrahedra, and 0- is a non-bridging oxygen connecting 
a tetrahedron and a non-tetrahedral polyhedron. Network-formers, such as Si4+, AI3+, Fe3+ and 
pH, occupy the central position in interconnected tetrahedra and contribute to melt polymerisation. 
N etwork-modifiers, such as N a +, K+, Ca2+, Mg2+, and Fe2+, are located in the central position of 
non-tetrahedral oxygen polyhedra. 
The degree of polymerisation may be described by the ratio of non-bridging to tetrahedrally 
coordinated oxygens, NB O/T (or by the similar 'basicity coefficient', K). Rhyolites have an average 
NBO/T value of 0.03l. 
The structure of synthetic and natural rhyolitic melts and glasses, as determined by RDF-XRF 
analyses, may be described as a 'stuffed' framework structure in which six-membered rings of Si and 
Al tetrahedra form the framework with cations such as Na+ and K+ occupying interstitial sites. 
Compared to other volatiles, water is the main influence on melt structure. Spectroscopic 
analysis confirms the presence of two water species, hydroxyl groups and molecular water. OH--
groups are attached to silica polymers and H2 0 appears to be structurally bound. Concentration 
of the two species is dependent on the total water content, OH- being dominant at low total water 
content while H2 0 becomes rapidly dominant at higher total water content. Variations in OH--
concentration is linked to variations in rheological properties, diffusion coefficients and electrical 
conductivity. Fluorine has a depolymerising effect on silicic melts while chlorine contributes to 
polymerisation. 
Formation of glass is the result of rapid solidification of supercooled liquids resulting in low 
rates of structural rearrangement. The transformation supercooled liquid ~ glass is second or-
der, marked by discontinuous changes of heat capacity and thermal expansion coefficient at the 
glass-transition temperature. Spectroscopic analyses confirm the similarity between melt and glass 
structure indicating that the melt structure is basically frozen-in at Tg. Tg depends on the cooling 
rate. Faster cooling results in a higher Tg and vice versa. Therefore, the glass transition describes 
a curve in the time-(inverse) temperature space separating a liquid field at long timescales and HT 
and a glass field at short times cales and LT. The concordance of activation energy of viscous flow 
and of enthalpic relaxation permits the establishment of a relationship between viscosity and Tg . 
Tg is defined as the temperature at which the viscosity is 10-12 Pa s. The dependence of Tg on the 
cooling rate is reflected by a rather wide scatter of reported Tg-values for rhyolitic rocks ranging 
from 670 to ca. 800°C. 
Heat capacity values for melts and glasses are a prerequisite for evaluating cooling histories. 
Heat capacity of a multicomponent system is given by the sum of the products of mole fractions 
and partial molar heat capacities of the single components and may be calculated using tabulated 
data for these components. 
Diffusion plays an important role in processes such as the interdiffusion of two liquids, growth 
and dissolution of crystals and exsolution of volatiles. The growth rate of a crystal, for instance, is 
determined by the slowest moving component in a melt. In general, the slowest moving components 
are network-formers, especially Si02 , closely followed by stable complexes of network-modifiers. 
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Alkalies, divalent cations, oxygen, and fluorine are the most mobile elements. The presence and 
diffusion of water has a pronounced effect, increasing the diffusion rates of most components. The 
dissolution equation of water may be used as a geospeedometer for cooling rates. 
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Chapter 4 
Rheological properties 
The rheology of magmatic melts is mainly a function of viscosity, 'TI, and the activation energy of 
viscous flow, EA, and constitutes one of the most important properties controlling the behaviour 
of magmas. As CROXTON (1974) has stated, the rheological behaviour is the macroscopic man-
ifestation of the interaction between melt structure and melt dynamics. The complex evolution 
of magmas-their generation, processes in the magma chamber~ during their ascent and final em-
placement in various environments, crystallisation, etc.-is accompanied by constantly changing 
rheological behaviour of the melt. To quantify volcanological phenomena, an understanding of 
rheological behaviour is necessary (SPERA et ai., 1988). 
In this chapter the dependence of viscosity and activation energy on melt composition, on 
amount, shape, and distribution of solid particles (e.g., phenocrysts, microphenocrysts, microlites, 
and xenocrysts) and vesicles as well as on strain rates is investigated. Empirical and experimentally 
derived algorithms for the estimation of melt and apparent viscosities and their application to melts 
of rhyolitic nature are discussed. 
4.1 Definition of viscosity 
In general, viscosity is defined as the ratio of shear stress, T, to strain rate, E, or more generally the 
coefficient for transfer of momentum in the equation (McBIRNEY & MURASE, 1984): 
(4.1) 
where T is the shear stress applied in direction x parallel to the plane offiow, To is the minimum stress 
required to initiate permanent deformation (also yield stress or yield strength1), dv / dy represents 
the velocity gradient perpendicular to the plane of shear, and' n is a constant (:::; 1). Th~ unit 
of viscosity is given in poise (g cm-1s-1) or Pascal seconds (10 poise = 1 Pa s). Depending on 
, , 
the behaviour of a magma under various shear stresses, some well-known laws give a reasonable 
approximation of magmatic behaviour (e.g., FERNANDEZ & GASQUET, 1994; see Fig. 4.1a). At any 
strain rate, the ratio T / E gives the apparent viscosity, 'TIapp, the relation of which to the shear rate 
1 In a strict sense, yield strength does not represent the value below which a magma does not deform. Any stress 
may result in an elastic deformation of the melt which is recovered when the stress is removed. Permanent deformation 
due to creep may also be caused by small stresses (McBIRNEY & MURASE, 1984). Therefore, yield strength may be 
seen as a value above which viscous flow is initiated. 
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Figure 4.1: Three simple rheological laws characterising the magma behaviour in the diagram shear stress vs. 
shear rate (a). Apparent viscosity vs. shear rate curves for the three rheological laws depicted at the left (b). 
Note: A and N in Fig. 4.1a are constants. 
is shown in Fig. 4.1b. As FERNANDEZ & GASQUET (1994) point out, magmas following a shear 
thinning behaviour (as one form of non-Newtonian behaviour) are characterised by two 'Newtonian 
plateaus': A plateau of high viscosity at low shear rates and a low viscosity plateau at high shear 
rates (Fig. 4.1 b). The viscosity ratio between the two plateau may be at least as high as 104 , but 
varies greatly depending on the melt. 
Magmas or lavas under natural conditions experience shear rates in the range from 10-8 to 30 
s-l (SPERA et at" 1988). Table 4.1 gives estimates of shear rates that rhyolitic magmas and lavas 
experience as they move from source to surface: 
Table 4.1: Typical velocity, spatial scale and implied shear rate for high-silica melts in typical magmatic flow 
processes (see also Fig. 4.3 on page 54; after: SPERA et al., 1988). 
Flow processes typical velocity typical spatial scale implied shear rate 
[m S-l] [m] [S-l] 
melt segregation 10- 10 10-3 10-7 
convection (silicic magmas) 3.10- 5 103 3.10-8 
magma ascent (silicic dome 5.10- 5 102 5.10-7 
extrusion) 
lava flow (rhyolitic lava) 10-3 102 10-5 
. Most magmas at liquidus or higher temperatures and at low strain rates behave like Newtonian 
liquids (e.g., SHAW et at., 1968; DINGWELL & WEBB, 1989). Experimental studies on high-silica 
melts at high strain rates revealed a non-Newtonian behaviour of such melts under these conditions 
(e.g., WEBB & DINGWELL, 1990a, 1990b). High contents of suspended crystals or gas bubbles may 
also give rise to non-Newtonian behaviour (e.g., SHAW, 1969; BOTTINGA, 1994). 
4.2 Compositional dependency of rheology 
Viscosity and activation energy of viscous flow depend strongly on the melt composition and the 
role, amount, and structural form of the melt components. As discussed in Chapter 3, network-
forming cations are Si4+, AI3+, Fe3+, and pH, except that aluminium and ferric iron under certain 
circumstances may also act as network-modifiers. Alkali metals, alkaline earths, and ferrous iron 
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constitute network-modifying cations. However, as a result of charge-balancing requirements for 
AI3+ and Fe3+ in four-fold coordination, metal cations that behave as network-modifiers in simple 
metal oxygen-silica melts may not necessarily be network-modifiers in natural magmatic melts. In 
most rhyolitic melts alkali metals are charge-balancing cations (MYSEN, 1988). 
Comparing the effect of alkalis on melt viscosity of haplogranitic melts, HESS et al. (1995) sug-
gested a trend of decreasing viscosity with increasing cationic size (or field strength) for K+, Na+, 
and Li+. That the influence of water on the viscosity of haplogranitic melts is stronger than for any 
other depolymerising component was underlined by DINGWELL et al. (1996). They suggested an in-
crease in melt viscosity in the order H20«Li20<Na20<K20<Rb20, Cs20<BaO<SrO<MgO<BeO). 
Their studies are relevant to calcalkaline rhyolites during the final stages of degassing, vesiculation 
and/or fragmentation (experimental conditions: 0.4-3.5 wt-% water, 1 bar pressure, 500-700° C). 
Effect of A12 0 3 on viscosity 
The substitution of Ab03 for Na20 or CaO leads to a steep increase in the viscosity until a 
maximum value at about a composition equimolar in Al20 3 and Na20 or CaO. This is due to 
a progressive incorporation of Al in the tetrahedral position until Na+ and Ca2+ are used up-
any additional Al will be six-fold coordinated and the viscosity does not further increase. Since 
an alkali/alumina molar ratio of 1:1 is associated with maximum viscosity in silicate melts, the 
viscosity decreases in both peralkaline and peraluminous magmas as the AI[VI] and excess alkali act 
as network- modifiers (DINGWELL, 1986). 
Effect of B 20 3 on viscosity 
Experiments on haplogranite and a B-enriched natural rhyolitic obsidian (macusanite from Macu-
sani, Peru) showed a viscosity-decreasing effect of B20 3 which is strongly dependent on temperature 
(DINGWELL et al., 1992). The nonlinear decrease in viscosity shows the strongest decrease at low 
B20 3 concentrations. B-rich granitic melts show a viscosity decrease of two orders of magnitude 
at crystallisation with the addition of 1 wt-% B20 3. 
4.2.1 Empirical calculation methods 
BOTTINGA & WEILL (1972) and SHAW (1972) proposed empirical methods to predict melt viscosi-
ties. Both methods are solely based on the chemical composition of magmas. 
Method of Bottinga & Weill (1972) 
BOTTINGA & WEILL (1972) found that the logarithmic viscosity of silicate melts varies linearly with 
compositional components in simple systems over restricted composition intervals. These intervals 
are arbitrarily defined in terms of silica mole fraction, XSi02' The viscosity of magmatic melts can 
be reasonably well estimated with the equation: 
(4.2) 
(where "l(T) is viscosity in poise at temperature T, and Di(T) is a constant, characteristic for 
species i and the XSi02 range) which is based on the composition dependence of viscosity in binary 
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silicate liquids. Di (T) constants were obtained by least squares fitting of equation 4.2 to viscosity 
observations on simple, well-defined, silicate liquids. The viscosity increases with XSi02 (concen-
tration of network-forming atoms such as Si4+) and that the effect of various network modifiers is 
quite specific. 
Limitations of the method are that it is based only on anhydrous systems at high temperatures, 
and a lack of data for some of the important oxides. At the time the method was established some 
binary systems, like K 20-Si02, were poorly investigated, and data on the effect of Fe203, FeO, 
Ti02, and MnO were not available. Measurements by URBAIN et al. (1982) proved that the original 
approximations D KAI02 (T) = D NaAlz03 (T) and D FeO (T) = D Feo1.5 (T) are not valid. 
Method of Shaw (1972) 
SHAW (1972) proposed an empirical method of viscosity calculation which is based on the Di(T) 
values of BOTTINGA & WEILL (1972) and on viscosity observations for molten rocks. In contrast 
to the cumbersome calculation algorithm in the method of BOTTINGA & WEILL (1972), the very 
simple method of SHAW (1972) involves calculation of the constants As and Bs of the Arrhenius 
equation: 
(4.3) 
which constitutes the point of departure for this method. Dissolved water can be included in the 
calculation, although to a less precise extent. 
Both methods give equally good results in comparison with measured viscosities for anhydrous 
magmatic compositions and viscosities below 106 poise. At viscosities above 106 poise the calculated 
values are too low in many cases, and deviations between calculated and measured viscosities are 
more pronounced at viscosities above 108 poise. Studies by BAKER (1996), for instance, showed that 
calculated viscosity values for granitic melts are similar to measured viscosities at water concentra-
tions between 5-7 wt-% H20, but at lower water contents the calculation overestimates viscosities 
by one to two orders of magnitude and underestimates viscosities to the same degree at higher water 
contents. Furthermore, SHAW's (1972) method is truly applicable only for temperature ranges well 
above the liquidus temperature of the melt being considered. 
GOTO et al. (1997) extended SHAWS method to multicomponent silicate melts in which Al20 3 
exceeds the sum of alkali metal oxide and alkaline earth metal oxide on a molar basis ('peraluminous' 
melts). However, this model extension is applicable only to temperatures well above the liquidus, 
since their experimental conditions were restricted to the temperature range from 1270-1600°C. 
4.2.2 Influence of water and other volatiles 
Water 
Dissolution of water in silicate melts considerably decreases the viscosity due to profound structural 
changes, especially depolymerisation. As discussed in Section 3.2.3 on page 29, the influence of 
water on rheological properties is controlled by the water dissolution mechanism, depending on the 
amount of total water present. The effect of molecular water on the rheology is small. Rheological 
properties of magmatic melts are most sensitive to the onset of water dissolution (up to c. 2 wt-% 
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H20) where water dissolves as hydroxyl groups. This extremely nonlinear decrease in viscosity 
with added water is illustrated by the experimental studies of DINGWELL et al. (1996) in which 
the viscosity drops drastically with the addition of 0.5 wt-% water and then levels out at water 
contents of 2 wt-%. Experimental investigations by PERSIKOV et al. (1990) showed that near-
liquidus hydrous granitic melts have viscosities comparable with that of anhydrous basaltic melts 
over a wide range of temperature and water concentrations. 
The addition of 0.3 wt-% water to a silicic melt will reduce the viscosity of that melt by a factor 
of 3 (PINKERTON & STEVENSON, 1992), or in other words, the addition of 1 wt-% water lowers 
the viscosity of silica-rich liquids by nearly one order of magnitude. 
Studies by BAKER (1996) on granitic melt viscosities at various total water contents led to an 
empirical calculation method for viscosity. The method gives accurate viscosity values at tempera-
tures between 700-900°C for per- and metaluminous granitic melts (c. 70-76 wt-% Si02) containing 
between 0.3-12.3 wt-% H20. Calculating the molecular weight of anhydrous melt on the basis of 
eight 0 atoms (following BURNHAM, 1979; or assuming it to be 260 gram formula weight) and 
expressing the total water concentration by its mole fraction, the viscosity can be calculated by the 
following set of equations: For xiI2tC} :::; 0.25, 
logry = (0.0292649 T - 53.198903) XfI2tt} - 0.0129207 T + 24.2973 (4.4) 
and for xtotal > 0 25 H2 0 ., 
log 7] = -2.2977826 xiI2tt} - 0.0095110 T + 15.6293 (4.5) 
where viscosity is in Pa s and temperature is in Kelvin. At water contents from 1-3 wt-% H20, 
viscosities of granitic melts calculated with this model are up to two orders of magnitude lower than 
previously thought. However, the model is not applicable for peralkaline melts because viscosities of 
peralkaline melts with the same total volatile concentration (H20 + F) are only one-fifth the viscosi-
ties of compositionally similar per- and metaluminous granitic melts (BAKER & VAILLANCOURT, 
1995). 
SCHULZE et al. (1996) studied the influence of water on the viscosity of haplogranitic melts 
(Qu28Ab340r38, with a composition of 76.12 wt-% Si02, 13.53 wt-% Ah03, 5.68 wt-% K20, and 
4.65 wt-% Na20). They found that the viscosity of silicate melts is, in general, not a linear function 
of temperature: 
EA 1 
log 7] = log 7]0 + 2.303R T (4.6) 
The activation energy strongly depends on the water content, especially for low water concentra-
tions. This dependence of activation energy (in kJ /mole) on water concentration is expressed by 
the equations: 
EA = 448.03 - 252.13 [CH20(wt-%)]0.11 
EA = 448.38 - 236.2 [CH2o (mol- %)]0.11 (4.7) 
where CH20 is the water concentration in the melt, and mol-% is calculated on the basis of one 0 
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atom. The viscosity of hydrous haplogranitic melts at various water contents and temperatures is 
given by the equations: 
log 17 = -1.57 + {23.398 - 13.197 [CH20 (wt- %)fl1 . 103 [l/T(K)] 
log 17 = -1.57 + {23.416 - 12.335 [CH2o(mol- %)]0.11 .103 [l/T(K)] (4.8) 
This calculation model can be used as a first approximation to estimate the viscosities of natural 
hydrous peraluminous to metaluminous melts with 2-8 wt-% H20. 
Halogens 
Fluorine and chlorine contribute to a decrease in polymerisation of silicic melts (KOVALENKO et al., 
1988; but see also section 3.2.3 on page 30) which explains the experimentally derived relationship 
of a decrease in viscosity and activation energy of viscous flow with addition of fluorine to the melt 
(DINGWELL, 1987). Experimental data of KOVALENKO et al. (1988) also show that the combination 
of fluorine and water has a more pronounced effect in decreasing melt viscosities than the addition 
of just one of the two components to melts. Due to a high melt/fluid partitioning coefficient for 
fluorine it is retained in a melt upon eruption (HAUSBACK, 1987). The fluidising effect of fluorine 
in volcanic flows promotes a more effusive and less explosive eruption style. Studies by DINGWELL 
et al. (1985) showed that fluorine dramatically lowers the viscosity of felsic melts, especially that 
of relatively dry, high-silica rhyolites. 
4.3 Temperature and pressure dependency of rheology 
4.3.1 Temperature-dependence of rheology 
The temperature-dependence of viscosity in magmatic melts is exponential whatever the fluid com-
position or pressure (PERSIKOV et al., 1990). This relationship is described by the Arrhenius-
Frencel-Eyring equation (PERSIKOV, 1984): 
'TI = 'TIo exp(EA/ RT) (4.9) 
where T is in Kelvin and E A is in cal/mol. A characteristic feature of this dependence is the 
constant value of the pre-exponential term (log'TIo = -3.5, with a theoretical value of 10-3 ± 10-1 
P; PERSIKOV et al., 1990). PERSIKOV (1988) also gives the following modified Arrhenius equation 
for calculation of viscosities of silicate and aluminosilicate melts: 
EAKc 
log'TI = 4.576 T - 3.5 (4.10) 
(for K and c calculation see page 23 and 47, respectively). This forms the basis for the calculation 
of activation energies with the simple equation: 
EA = 4.576 T (log 'TIT + 3.5) (4.11) 
where 'TIT is the melt viscosity at temperature T. Activation energies for different melts proved to be 
temperature independent over the experimental range (Pjluid = 1 atm -7 kbar, T = 750-1400°0) 
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investigated by PERSIKOV (1991). It is obvious that the activation energy closely depends on the 
melt composition and hence on the structural state of the melt. Melt structure is determined by 
numerous parameters, such as the rheological index, I, which gives the ratio of molecular percent-
age of non-bridging oxygens to network-forming cations: I=O/(Si+Al+P) (SCARFE, 1973). At a 
particular temperature, basalts and ultrabasic melts have the highest I-values (2.2-3.5) and lowest 
viscosities. At liquidus temperatures (1200DC) activation energy decreases with increasing I-value. 
The dependence of activation energy on melt 
structure is illustrated in Fig. 4.2 in which the 
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melt structure is given by the K -value, or de-
gree of polymerisation (see Section 3.1.2 on page 
22). Fig. 4.2 illustrates the decreasing acti-
vation energy for silicic-ultramafic melts. Four 
composition ranges are defined by inflections in 
the curve which are defined in terms of the sil-
icate melt structure (e.g., MYSEN, et al., 1980). 
At K =17 (corresponding to the average compo-
sition of dry andesites; LE MAITRE, 1976) the 
framework structure breaks down; at K =100 and 
200 (corresponding to the average composition of 
olivine tholeiite and pyroxenite, respectively) di-
and metasilicate structures, respectively, become 
completely established in the melt (PERSIKOV et 
al., 1990). The transition.from silicate to alumi-
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nosilicate melts in the range K ~ 17 is given by 
Figure 4.2: Schematic structural-chemical dependence 
of the activation energy of viscous flow. The structural 
terms in square brackets indicate the basic units of the 
anionic melt structure (after PERSIKOV et al., 1990). 
the molar ratio c=Al1V /(SiIV +AlIV). Linear approximations of activation energies in Fig. 
given by the following simple equations (PERSIKOV et al., 1990): 
o ~ K ~ 17 EAl = 70 -1.27 K 
17 ~ K ~ 100 EA2 = 51 - 0.154 K 
100 ~ K ~ 200 EA3 = 40 - 0.04 K 
200 ~ K ~ 400 EA4 = 35 - 0.015 K 
having the following correlation coefficients: 0.83, 0.92, 0.97, and 0.94, respectively. 
4.2 are 
(4.12) 
At subliquidus temperatures, the temperature dependency of viscosity for a crystal-free liquid 
is given by: 
'fl(T) = 'flliq exp(')'['Iliq - T]) (4.13) 
where "f is a parameter measuring the sensitivity of the viscosity on the temperature and repre-
sents a complicated function of melt composition, its crystal content, cooling rate, and strain rate 
(DRAGONI, 1993). Experimental data suggest values for "f between 0.02 and 0.1 K-1 . 
The dramatic change of viscosity with changing temperature is underlined by the following con-
siderations. PINKERTON & STEVENSON (1992) suggested that viscosity may change by a factor 
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of 1013 as lavas cool through a temperature interval of only 20°C in a temperature range below 
the liquidus and DRAGONI (1993) stated that viscosity varies by at least 10 orders of magnitude in 
the crystallisation interval as a consequence of changing composition and temperatures. Therefore, 
liquid viscosities calculated for compositions of interstitial glass will be higher at subliquidus tem-
peratures than viscosities calculated using the empirical methods of either BOTTINGA & WEILL 
(1972) or SHAW (1972) (PINKERTON & STEVENSON, 1992). Similarly, activation energies for vis-
cous flow of rhyolite melts at subliquidus temperature increase by a factor of up to :::::;3 (BRANDEIS 
& JAUPART, 1986). 
Non-Arrhenian temperature-dependence of viscosity 
In contrast to all other methods for calculation of hydrous granitic melt viscosities which are 
based on Arrhenian relationships (e.g., BOTTINGA & WEILL, 1972; SHAW, 1972; BAKER, 1996; 
SCAILLET et al., 1996; and SCHULZE et al., 1996), HESS & DINGWELL (1996) suggested a vis-
cosity calculation model based on a non-Arrhenian temperature dependency. Such non-Arrhenian 
temperature-dependence of the viscosity of hydrous granitic melts was suggested by RICHET et al. 
(1996) and DINGWELL (1997). 111 data points of hydrous granitic, haplogranitic, and rhyolitic 
melts [72.3-78.6 wt-% Si02; K/Na = 0.56-0.80; 0-2.34 wt-% 2:(CaO + MgO + FeO); (2Na + 2K 
+ Mg + Ca + Fe2+)/(2Al + 2Fe3+) = 0.93-1.02] were fitted to a modified Vogel-Fulcher-Tammann 
(VFT) equation yielding the following best fit equation: 
10 _ [-3.545+0.8331n(w)]+[9601-23681n(w)] 
g77 - T - [195.7 + 32.25 In (w)] (4.14) 
where 77 is in Pa s, w is water concentration in wt-%, and T is in Kelvin (standard deviation: 0.46 
10g10 units). The model covers the entire H2 0 range from 0-12.5 wt-% for melts under crustal 
pressures. 
The authors recommended their model for viscosity calculations of hydrous, metaluminous 
leucogranitic or calcalkaline rhyolitic melts, and especially for calculating the high viscosities rel-
evant to erupting silicic volcanic systems and magmatic hydrothermal granitic and pegmatitic 
systems at the brittle-ductile transition. The method by HESS & DINGWELL (1996) is the best 
empirical model which has been proposed to date (HOLTZ et al., 1999). 
A non-Arrhenian temperature-dependence of viscosity for a rhyolite from Little Glass Butte, 
Oregon, was also described by NEUVILLE et al. (1993) whereby the behaviour is accounted for with 
the VFT equation: 
10g1) = -5.88 + 0.0019181/(T - 22.3) (4.15) 
where viscosity is in poises and T is in Kelvin. However, the non-Arrhenian character was not very 
pronounced in the fibre-elongation viscosity experiments of NEUVILLE et al. (1993) due to a scatter 
of values at low temperatures. 
4.3.2 Pressure-dependence of rheology 
Pressure-dependence of viscosities is a function of melt polymerisation as SCARFE et al. (1987) 
pointed out. Highly polymerised, anhydrous melts with NBO/T ratios smaller than one show 
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an isothermal decrease in viscosity with increasing pressure. This is true for many natural melts 
such as obsidian, andesite, and most basalt melts .. The pressure-induced decrease in viscosity is 
probably due to subtle changes in the anionic framework of these melts as has been suggested by 
Raman spectroscopic and X-ray studies (SCARFE et al., 1987). Silica-deficient and aluminium-poor 
melts with NBO/T > 1, such as picrites and komatiites, show a viscosity increase with increasing 
pressure. 
The viscosity decrease with increasing pressure at constant temperatures means that affected 
anhydrous melts are more fluid at greater depths facilitating processes such as crystal settling and 
fractionation at high pressures. The findings of SCARFE et al. (1987) are applicable for volatile-free 
melts showing Newtonian behaviour with crystal contents smaller than 10%. 
Further experimental data indicate that the viscosities of anhydrous and volatile-bearing alumi-
nosilicate melts tend to decrease with increasing total (lithostatic) and fluid pressures (for references 
see PERSIKOV et al., 1990: 630). Melt viscosities decrease remarkably at PH20 = Ptotal which is a di-
rect consequence of the increasing water content of the melt. Based on these experiments, PERSIKOV 
(1984) derived a simple semi-empirical equation for the pressure and temperature dependencies of 
viscosities of magmatic melts for the entire range of natural magma compositions: 
log'T] = EA/4.576 T - 3.5 + (3(Ptotal - Pfluid) (4.16) 
where the viscosity piezo-coefficient (3 assumes two negative values: (31 = -5.02· 10-4 MPa-1 for 
anhydrous magmatic melts and (32 = -1.2.10-3 MPa-1 for water-undersaturated melts, and EA is 
the activation energy for viscous flow in anhydrous melts at PH20 = 0, or in fluid-bearing melts at 
Ptotal > Pfluid· In the case of Ptotal = Pfluid, the pressure correlation for viscosity according to Eq. 
4.16 is zero. For temperatures higher than approximately 200°C above the liquidus, the viscosity 
piezo-coefficient is independent of temperature and bulk composition (PERSIKOV, 1984). According 
to PERSIKOV (1991) viscosity and activation energy of aluminosilicate and magmatic melts must 
show two minima and one maximum with increasing pressure, where the minima correspond to 
the complete transformation of Allv and SiIV cations to six-fold coordinations and the maximum 
corresponds to the beginning of the coordination change for four-fold coordinated Si cations in such 
melts. 
A generalised equation for compositional, temperature and pressure dependence of viscosities 
of magmatic melts2 was proposed by PERSIKOV (1991) by simultaneous solution of eqs. 4.12 and 
4.16: 
Ig'T]1,2,3,4 = EAl,2,3,4/4.576 T - 3.5 + (3(Ptotal - Pfluid) ( 4.17) 
where indices 1-4 indicate the appropriate K -range as given in Eq. 4.12. 
With respect to hydrous granitic melts, the pressure dependence of viscosity is insignificant when 
compared with the viscosity-dependence on temperature and water concentration in the pressure 
2 At this place I have to point out that the theoretical treatment of viscosity estimation based on composition, 
temperature and pressure by PERSIKOV offers a very good conceptional idea. Although I understand the theoretical 
background and idea it was not possibly for me to follow his examples for viscosity estimation given in his publication. 
Several attempts to contact the author were unsuccessful. I decided, however, to leave his generalised idea in this 
chapter since it is the only published approach so far trying to bring all main parameters influencing the viscosity 
together.in a generalised equation. 
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range from 1 bar to several kilobars (DINGWELL, 1987; SCHULZE et at., 1996). 
4.4 Effects of solid particles and vesiculation 
4.4.1 Influence of solid particles 
Magmatic melts containing solid particles, such as phenocrysts and microlites, are in rheological 
terms dispersed systems in which the most important factors determining the viscosity of the melt 
are the viscosity of the liquid phase, 'f]liq, and the particle concentration, iI> (EINSTEIN, 1911). 
At subliquidus temperatures suspended crystals considerably increase the melt viscosity, and the 
relative viscosity, 'f]rel, for such crystal-bearing magma may be estimated with the Einstein-Roscoe 
equation (e.g., PINKERTON & STEVENSON, 1992): 
'f]rel = 'f]sus !"lliq = (1 - Rq, iI> )-n (4.18) 
where Rq, is the inverse of the maximum solid concentration (i.e., Rq, = l/iI>max)' n is a constant 
considered as an adjustable parameter and commonly taken as 2.5, and iI> is the volume fraction 
of crystals. For dilute suspensions of uniform spheres with iI> < 30%, Rq, is usually taken as 1.35 
(e.g., RUTGERS, 1962; SETTLE, 1979; SHAW, 1965, 1969; SHAW et at., 1968) or as 1.0 for crystals 
with serial sizes (McBIRNEY & MURASE, 1984). MARSH (1981) proposed a Rq,-value of 1.67 which 
corresponds to a particle concentration of 60% at which the viscosity of the suspension takes a value 
of infinity. This value is based on the consideration of a maximum particle concentration of 50-70% 
in magmatic melts at which the melt behaves essentially solid-like. Experimental data by LEJEUNE 
& RICHET (1995) confirm the values iI> = 0.6 and n = 2.5 representing the most frequent values 
found (iI> range from 0.4 to 0.7, n range from 1.3 to 3.4). 
Equation 4.18 can be used for viscosity estimates of melts with a relatively low crystal content 
(iI> < 0.3). With iI> < 0.1 melt behaviour is approximated by a Newtonian model, and with 
0.1 ::; iI> ::; 0.3 the rheological behaviour of a suspension is that of shear thinning (FERNANDEZ 
& GASQUET, 1994). However, the equation has several limitation, such as different shapes and 
different size distribution of phenocrysts, microphenocrysts, and microlites in lavas and a non-
Newtonian power law approximation for rhyolitic melts under superliquidus temperatures (e.g., 
SPERA et at., 1982, 1988; WEBB & DINGWELL, 1990a). Furthermore, equation 4.18 assumes a 
constant activation energy for viscous flow below the liquidus while the activation energy probably 
varies by a factor of 3 (BRANDEIS & JAUPART, 1986). Nonetheless, good viscosity estimates may 
be gained for the nonvesicular interior of flows where voids cannot form due to excess overburden 
pressure (STEVENSON et at., 1994a). 
At higher particle concentrations discrepancies arise between measured viscosities of crystal-rich 
magmatic melts and those calculated with equation 4.18. SHERMAN's (1968) equation reflects the 
increasing relative viscosity with increasing concentration and mean diameter of suspended solids: 
In'f]rel = (iI>max/iI>)1/ 3 -1 - 0.15 (4.19) 
where f3 is a constant that varies with the mean diameter, Dm, with iI>, and iI>max. 
Equations 4.18 and 4.19 assume that there is no physico-chemical relation between the solid 
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particles and the liquid in which they are suspended. However, cooling magmas are generally 
characterised by nucleation and growth processes. Especially in lavas, the large number of small 
crystals nucleating and growing in the matrix often outnumbers the influence of a slight size in-
crease of phenocrysts, resulting in a decreasing mean particle diameter, D m , with increasing particle 
concentration, <P, during cooling. Furthermore, no changes in the liquid composition with crystalli-
sation (consequently no changes in liquid viscosity) are considered in the two equations. In a 
comparison between calculated viscosities (using Eq. 4.19) and measured viscosities of dacites from 
Mt. St. Helens and Hawaiian tholeiitic basalts, McBIRNEY & MURASE (1984) found the best 
agreement with (3 = 0.011 and <Pmax = 1.0. These authors proposed a calculation algorithm for 
viscosity estimates incorporating the relationship between phenocrysts and melt composition. Fur-
ther refinements based on experimental viscosity measurements led to the following equation for 
the estimation of relative viscosity (MURASE et at., 1985): 
where Dm is in microns. 
Influence of microlites 
0.019Dm 
10g1Jrel = 10g1Jliq + (1/<p)-1/3 -1 (4.20) 
The physical influence of microlites on the effective viscosity of microlite-bearing rhyolitic melts 
(1-5 vol-% rod-like or chain-like microlites) is negligible at low strain rates, corresponding to late-
phase silicic lava flows and dome growth (STEVENSON et at., 1996). However, when microlites form 
branching 3D tree-dimensional spider-like networks of crystals, even at a concentration of only 
1 vol-%, the interaction of microlites is assumed to increase the effective viscosity. In obsidians 
with alternating microlite-rich and microlite-poor bands, the crystallisation of microlites results in 
a change of melt chemistry. According to STEVENSON et at. (1996) these chemical variations in 
residual liquids can significantly influence the rheology of silicic lava flows. In flow bands containing 
volumetrically significant amounts of prismatic microlites, a close packing and formation of a three-
dimensional network may occur. However, any deformation is confined to microlite-poor flow bands 
and, hence, no measurable shear deformation occurs (STEVENSON et at., 1996). 
4.4.2 Influence of vesiculation 
Effects of vesiculation and degassing of lavas is most important during early stages of flow. As a 
magma rises and approaches the surface it loses most of its volatile components (with the exception 
of CO2 ) leading to a viscosity (e.g., SHAW, 1963; SCARFE, 1973). This drastic change in rheological 
behaviour may give rise to viscosity differences of several orders of magnitude for rhyolitic magmas 
(DRAGONI, 1993). Gas loss during eruption and lava flow results in a sudden undercooling and 
triggers a pervasive crystal growth which in turn increases the viscosity and develops a high yield 
strength. Therefore, gas loss is a main contributor to the non-Newtonian behaviour of lava flows. 
Depending on the shear strain, E, bubbles have a two-fold effect on the rheological behaviour 
of flow. At low shear strains, if gas pressure inside a bubble and surface tension at the gas-liquid 
interface oppose a deformation caused by the shear strain, the bubbles remain spherical and increase 
the apparent melt viscosity. At high shear strains, if the energy necessary to deform a bubble in 
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a liquid is smaller than the energy required to induce viscous flow in a bubble-free liquid phase, 
bubbles will deform and thereby reduce the apparent viscosity (BOTTINGA & WEILL, 1972; SPERA 
et al., 1988). 
Cooling of a magma due to vesiculation reduces temperature and hence increases viscosity. Dur-
ing compression or elongation of a flow the viscosity also decreases with increasing bubble volume. 
BAGDASSAROV & DINGWELL (1992) experime~tally proved that exsolution of all gas species in 
obsidian has a peak at the melting temperature ranging from 900-1050°. In their experiments 
no obsidian glass without bubbles was obtained at temperatures <1200°C. The lifetime of foam 
decreases with different gas contents of the bubbles in the following order: air>C02~N2>S02. At 
temperatures of 850-900°C the viscosity of foam or froth (with 25-70 vol-% bubbles) is less than 
that of vesiculated rhyolite (with <5 vol-% bubbles), thus enabling the foam to be easily extruded 
a~d reaching the surface faster than the 'drier' obsidian. The viscous deformation of bubbles in the 
rhyolite foam shows a dilatant rheological behaviour. 
The effect of bubbles on the apparent viscosity of vesicular crystal-rich melts can be estimated 
for low bubble concentrations with the following expression (SHIMOZURU, 1978): 
"lapp = "lcrystal(1 + <I>voids) (4.21) 
where "7crystal is the viscosity of the crystal-rich melt and <I>yoids is the volume fraction of bubbles. 
4.4.3 Yield strength, strain rate and viscosity 
In the temperature range between liquidus and solidus (in which one or more crystalline phase is 
present) a crystal-bearing melt has a yield strength which increases with time and with increasing 
crystallinity (McBIRNEY & MURASE, 1984). This changing yield strength should be taken into 
consideration when estimating melt viscosities, at least for melts with a high crystal content. A 
first-order estimate of the yield strength of a visco-plastic body may be made from the volume 
fraction of solids, <I> (Soo, 1967): TO = k· <I>3, where k is a constant with a value of 3 .104 dyne/cm2 
(SPERA, 1980). 
GAY et al. (1969) investigated the stress required to overcome the interparticle contact in a 
concentrated suspension and found that the yield strength may be calculated by: 
Dm 
TO = 1.26 P g <I> _ <I> 
max 
( 
<I> max ) 2 1 
1 - <I>max (}2 (1.5 (4.22) 
where p is the fluid density, ( is the ratio of surface area of a sphere of equivalent volume to surface 
area of particles, and () is the geometric standard deviation estimated from a plot of particle diameter 
VB. cumulation properties, P, of particles less than a given size: () = {P < 50% size} / {P < 15.87%}. 
Mean particle diameter, Dm , is proportional to the force required to separate adjacent particles in 
order for an initial shear plane to be developed in the suspension. Since the viscosity of high-
concentration suspensions differs considerably at low and high shear strains, GAY et al. (1969) 
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defined the differential viscosity as 'fJ0 and 'fJoo at low and high shear strains, E, respectively: 
max 
( 
<P ) 2.5 (4.23) 
(4.24) 
where Eq. 4.23 is identical to Eq. 4.18 but in a slightly different form. Shear stress, T, at the 
corresponding strain rate, E, of a suspension may be derived from: 
T - TO = E 'fJoo + 1 + E('fJO - 'fJoo)/C or: (4.25) 
C = 0.066 <Pmax ;liq 2 (2) 0.21 
TO <Pmax - <P DmP TO 
( 4.26) 
These methods permit the calculation of yield strength, TO, and shear stress, T, at corresponding 
strain rates, E, for particles of different shapes and particle-size distributions in the concentration 
range of 0.52 < <P / <Pmax < 0.82 (PINKERTON & STEVENSON, 1992). For <Pmax = 0.6 this cor-
responds to a concentration of between 0.3 and 0.5. Eqs. 4.22 and 4.26 give comparable results 
for tabular-shaped objects with a longest dimension of 100 /-tm, but the results clearly differ for 
particles of other shapes or sizes. 
Eq. 4.19 gives dynamic yield strengths which are appropriate for continuously sheared melt 
systems (PINKERTON & STEVENSON, 1992). The static yield strength which develops during the 
initial magma flow in periodic eruptions may be several times greater than calculated values. Using 
Eqs. 4.22 and 4.26 it can be shown that the magma shows different rheological behaviours depending 
on the relationship between yield strength and shear stress: if TO < T the magma has a Newtonian 
behaviour, if TO > T it has a viscoplastic behaviour. For a lava flow or dome--once a cool, outer skin 
of sufficient thickness has formed-the flow behaviour in the isothermal interior and the cooler crust 
will be non-Newtonian with a spectrum ofrheological properties (PINKERTON & STEVENSON, 1992). 
At different strain rates the apparent viscosity of the same rhyolitic melt at the same temperature 
and crystallinity may differ by several orders of magnitude (PINKERTON & STEVENSON, '1992). 
4.5 Non-Newtonian rheology 
As stated before, melts containing significant amounts of crystals or bubbles as well as melts at 
high temperatures and high strain rates show non-Newtonian behaviour. 
At high stresses viscosity becomes stress dependent and will be smaller than given by Eq. 4.1. 
The reduced viscosity is a function of applied stress: 
(4.27) 
where'fJ is the observed viscosity, 'fJo is the Newtonian viscosity at low strain rates, and the constants 
are a = -0.002 and b = -0.0174 for rhyolitic melts (BOTTINGA, 1994). 
Experimental studies (shear thinning) suggest that silicate melts become non-Newtonian when 
the shear rate becomes larger than about 10-4.2 S-1 at subliquidus temperatures between 670 and 
53 
CHAPTER 4. RHEOLOGICAL PROPERTIES 
820°C (BOTTINGA, 1994). Similarly, WEBB & DINGWELL (1990a) found that the departure from 
Newtonian behaviour commences at strain rates> 5.10-5 S-l. The non-Newtonian (pseudoplastic) 
behaviour is accompanied by a decrease in shear viscosity of 0.3-1.6 10glO units (Pa s) which may 
be caused by viscous heating of the melt (WEBB & DINGWELL, 1990b). 
Deformation time scales for strain rates required to induce non- Newtonian behaviour are 2-3 
orders of magnitude slower than the structural relaxation time scale of the melt. The stresses are 
of the order of 108 Pa s-l and they are close to the tensile strength of silicate melts (WEBB & 
DINGWELL, 1990a). 
This time scale is similar to that of Si-O bond ex-
change, which is in agreement with the Eyring equation. 
The Eyring equation implies that both oxygen diffusion 
and viscous flow proceed by translation of single oxy-
gen anions. On this basis, WEBB & DINGWELL (1990b), 
amongst others, proposed that the translation of 0 anions 
is the mechanism of viscous flow and the origin of the glass 
transition. 
DINGWELL & WEBB (1989) related the transition 
liquid-glass of typical silicate melt compositions to typical 
strain rates encountered during processes such as melt for-
mation, ascent, emplacement or eruption (Fig. 4.3 depicts 
some geological processes in terms of their temperatures 
and strain rates). Non-Newtonian behaviour of dry rhy-
olitic melts (which is predicted to be approximately 210g10 
units of time above each relaxation time curve) may be ex-
pected for processes such as silicic dome extrusions. 
Non-Newtonian viscous flow precedes the brittle fail-
ure of silicate melts (WEBB & DINGWELL, 1990a), which 
requires that a liquid is deformed at such a rate that relax-
ation processes are not able to adjust the internal struc-
ture rapidly enough causing the liquid to become a glass 
(BOTTINGA, 1994). 
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Figure 4.3: Relaxation time and Newtonian 
limit of shear viscosity for common magmas 
(after: DINGWELL & WEBB, 1989). Mag-
matic processes are: I-ash flow eruption, 
2-basalt lava flow, 3-andesite lava flow, 4-
rhyolite flow, 5-silicic dome extrusion, 6-
basaltic melt segregation. Strain rate esti-
mates are taken from SPERA et at_ (1988). 
4.6 Generalised rheological evolution of a granitic magma 
At a given shear rate, the apparent viscosity of a melt increases as it approaches the solidus tem-
perature. Main factors contributing to this trend are (i) cooling, (ii) silica increase in the residual 
magma, and (iii) increase in volume fraction of crystals as well as the shape, size and size distribution 
of crystals (FERNANDEZ & GASQUET, 1994). 
Fig. 4.4 summarises the rheological evolution of granitic magmas. Field I is characterised by 
Newtonian behaviour with moderate apparent viscosities (105-107 poises), which depends mostly 
on the water content. At the time the magma ascends the degree of crystallisation is close to 
the first rheological threshold, Th1 . This threshold (<1> ~ 0.30-0.35) marks a sharp transition 
from Newtonian or shear thinning to Bingham or to shear thinning with yield-stress behaviour, 
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respectively. Above Thl the magma shows Bingham or shear thinning with yield stress behaviour 
and a preferred mineral orientation develops in response to deformation of the magma during its 
emplacement. With further crystallisation, as <I> approaches the maximum packing, <I> max , the 
magma develops a rigidity. This and early fracturing mark the second rheological threshold, Th2 , 
for which FERNANDEZ & GASQUET (1994) suggest maximum packing values from 0.65 to 0.70. 
Here, breccia structures may develop. This second threshold marks the beginning of a 'solid-like' 
behaviour even with more than 30% residual magma remaining, which is represented by Field III. 
The generalised rheological evolution of crystallising 
granitic magmas may be appropriate for ascent rates of 
granitic intrusions which vary between 13.10-3 and 145 
cm yr-1 (MAHON et at., 1988), or between 5 and 50 cm 
yr-1 for spherical granitic bodies of 5 and 10 km size, 
respectively (BRUN, 1981). Extrusive rhyolitic mag-
mas lack the time to go through all the stages as sug-
gested by FERNANDEZ & GASQUET (1994) for granitic 
magmas. Many rhyolites show phenocryst contents be-
low 30 vol-% which is marginal to the first rheologi-
cal threshold based on solid fraction. Onset of solid-
like behaviour of rhyolite flows is not determined by 
the increasing particle content, although nucleation and 
growth of microphenocrysts and microlites contribute 
to an increase in viscosity. The main factor contribut-
ing towards a 'solid-like' behaviour of rhyolitic flows is 
a rapid under cooling of the melt due to fast magma as-
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Figure 4.4: Schematic representation of the 
rheological evolution of crystallising granitic 
magmas (after FERNANDEZ & GASQUET, 
1994). The shaded band characterises frequent 
viscosity values of apparent viscosities of granitic 
melts. Yield strength is calculated from Eq. 
4.4.3; Thl and Th2 are the first and second rhe-
ological threshold, respectively. For discussion 
see text. 
cent and extrusion rates, inability to structurally relax in accordance with the new equilibrium, and 
degassing of the melt with an accompanying increase in viscosity. Rhyolite flows are characterised 
therefore by a rather rapid change from Newtonian to non-Newtonian (pseudoplastic) rheological 
behaviour within Field I of Fig. 4.4. 
4.7 Viscosity and morphological flow/dome parameters 
Various methods used to estimate viscosities are based on the estimation on yield strength, TO, 
effusion rate, F, density, p, and morphological parameters of lava flows or domes (e.g., JOHNSON, 
1970; HULME, 1974; WILSON & HEAD, 1983; ZIMBELMAN, 1985). The yield strength can be 
estimated by: 
TO = P 9 sine 
TO = (p 9 h2)/rd 
(JOHNSON, 1970) 
(MOORE et at., 1978) 
(4.28) 
(4.29) 
where h is the flow thickness, e the basal slope, rd the radius of a dome or the total width of a flow, 
and p is the density (calculated, for instance, according to the method of HOUGHTON & WILSON, 
1989). To partly overcome measurement errors, STEVENSON et at. (1994a) suggested weighted 
55 
CHAPTER 4. RHEOLOGICAL PROPERTIES 
average values for h, 8, rd, and p for irregularly shaped lobate flows: 
n 
Pav = 2:::: ai Pi 
i=l 
(4.30) 
where ai represents the proportion of parameter Pi. A weighted average density for the entire flow 
thickness takes textural variations between flow layers into account. The effusion rate, F, can be 
calculated by (HULME & FIELDER, 1977): 
F=(300~wl)/h (4.31) 
where ~ is the thermal diffusivity (5.10-7 m-2s-1 or calculated from thermal conductivity, MURASE 
& McBIRNEY, 1973; WILSON & HEAD, 1983), W the active flow width, and l the flow length. 
Using the above parameters an empirical expression for the viscosity of lava flows of low aspect 
ratios may be found, where rd > 4 Wb (with Wb = width of levees; WILSON & HEAD, 1983; 
ZIMBELMAN, 1985): 
11/4 5/4 . 6/48 
r d TO sm -
'Tl = 24 F gl/4 pl/4 
(4.32) 
Due to compounding of measurement errors in terms of h, rd, l, and 8, errors larger than 25% 
may arise (STEVENSON et al., 1994a). Alternatively, flow thicknesses may be measured for specific 
values ofthe width of a flow lobe, rd, at different places along the flow length (FINK & ZIMBELMAN, 
1986) or, the yield strength and the heights of sub circular domes may be estimated in terms of the 
Bingham model outlined in BLAKE (1990). 
As STEVENSON et al. (1994a) pointed out, the method models lava flows as homogeneous 
isothermal Bingham plastics and does not take into account the textural variations within the flow 
as a result of cooling and degassing. The application of the method is also limited by draping of 
flows or domes over other deposits, or by erosion which may significantly destroy the original outline 
of the flows. 
FINK (1980) established a relationship between regularly spaced ridges on surfaces of rhyolite 
flows and their viscosities, which is expressed by a dimensionless parameter giving the ratio of 
surface to interior viscosities. In general, folds may form on the surface of any fluid in which the 
viscosity decreases with depth, when such a fluid is subjected to sufficiently strong compressive 
stress. The fold (or ridge) spacing gives information about the viscosity gradient near the flow 
surface as well as the magnitude of compressive stresses (FINK, 1984). This model allows the 
estimation of minimum viscosity of a flow with the help of morphological parameters, such as ridge 
spacing, arc length and wave length of a ridge. According to the model, the carapace of a rhyolitic 
flow has a viscosity which is approximately 10-35 times greater than the bubble-free obsidian in 
the flow interior. The pumiceous layer at the flow base has viscosities 50-100 times greater than 
that ofthe obsidian (FINK, 1984). 
Flow velocity of a rhyolite lava flow may be calculated using Jeffreys equation which includes 
the viscosity (NICOLS, 1939): 
v = (g sin 8 h 2 p) /3 'Tl (4.33) 
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or, alternatively, the viscosity may be estimated from given morphological parameters by rearrang-
ing Eq. 4.33. 
4.8 Summary 
The rheological behaviour of melts can be described in terms of the viscosity and activation energy 
of viscous flow. Evolution of a magma-from its generation to final emplacement-is characterised 
by the constantly changing rheological behaviour of the melt. Factors influencing melt rheology are 
primarily melt composition and melt structure, degassing behaviour in terms of providing volatiles, 
the presence, abundance, size, shape, and distribution of solid particles (such as phenocrysts, mi-
crophenocrysts, and microlites) and of vesicles, as well as the development of yield strength. The 
influence of all these parameters may be evaluated by empirical and experimentally established 
expressions. Experimentally derived calculation methods have the advantage of giving more pre-
cise viscosity estimates for melts of a defined chemical composition under controlled experimental 
conditions in a particular T /p range. 
In general, melt viscosities increase with decreasing temperature, increasing content of solid 
particles and decreasing water content. Particle- and vesicle-free melts behave as Newtonian liq-
uids whereas particle- and/or vesicle-bearing melts are non-Newtonian (often pseudoplastic). Non-
Newtonian viscous flow often precedes brittle failure of silicate melts. 
Morphological parameters of flows/domes may be used to estimate (relative) viscosities, al-
though to a less precise extent due to uncertainties and errors related to the measurement of these 
morphological parameters. 
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Chapter 5 
Crystallisation processes 
This chapter investigates crystallisation processes and their products in rhyolitic rocks. Firstly, 
mechanisms of crystallisation in terms of nucleation, crystal growth, and their rates are discussed. 
This basic approach is important since rhyolite melts erupt undercooled1 . Undercooling of a melt 
during magma ascent is explained in part by decompression and water-loss resulting in a rise of the 
liquidus temperature and hence concurrent under cooling of the melt. In addition, the nature of the 
undersaturated melting curve for rhyolite indicates it is impossible theoretically for a rhyolite melt 
with any volatiles to reach the surface unless it is undercooled. 
There are two main crystallisation processes occurring in highly under cooled melts during and 
after the eruption: (i) crystallisation from the melt state and (ii) crystallisation from the glassy 
state, i.e., devitrification. In rhyolitic rocks, both processes result in very similar rock textures, 
and various approaches are found in the literature to handle this problem. STASIUK et at. (1996) 
for instance, used the term devitrification to describe distinct crystallisation textures which are 
commonly attributed to devitrified rocks in the dome interior, "without meaning to imply that it 
was necessarily a glass at some stage." On the other hand, WESTRICH et at. (1988) preferred 
the term crystallisation rather than devitrification to explain similar textures. They attributed 
crystal growth to magmatic crystallisation from an undercooled liquid rather than a true glass. 
Investigation of both crystallisation processes in the following sections yields an answer to the 
question whether it is possible to discern between the two processes at high temperatures, or 
whether they are rather continuous, in which case a distinction between the two processes in terms 
of their products is almost impossible. 
Experimental results of crystallisation from a melt (section 5.2) as well as devitrification of 
glasses (section 5.3) are introduced. Typical crystallisation products, such as microlites, spherulitic 
growth forms and lithophysae, are described and their formation is discussed. Finally, textural 
relationships are discussed which help to identify devitrification products. These mainly comprise 
features occurring after solidification, such as perlitic cracks. 
Recently, the theory of crystal-size distribution (CSD) has been widely applied to volcanic rock 
types, such as dacites, andesites, and basalts. However, no application to rhyolitic rocks has been 
found in the literature. In this thesis I attempt to use the CSD theory for the rhyolitic rocks and, 
therefore, the basic concept of CSD theory is introduced. 
lSWANSON et al. (1989) suggested an undercooling of at least 200°C for rhyolites at Obsidian Dome, Inyo Domes, 
California. 
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Table 5.1: Textural terms used in the thesis to describe rhyolitic rocks 
texture description 
cryptocrystalline matrix is not glassy, but too fine-
grained to identify any minerals; no dis-
tinct birefringence is visible 
felsitic very fine-grained mosaic of quartz and 
alkali-feldspar with irregular, anasto-
mosing grain boundaries 
poikilitic1 the inclusion of mineral grains in 
a larger grain of another mineral; 
randomly oriented, generally euhedral 
alkali-feldspar laths enclosed in quartz 
network of optically uniform patches 
snowflake feldspar laths or coarse spherulites 
are enclosed in a coarser-grained mo-
saic of quartz; forms should resemble 
snowflakes 
spherulitic matrix consists mainly of clusters 
of radiating crystals forming different 
shapes 
remarks 
'felsitic' of LOFGREN (1971b) 
'cryptocrystalline, equigranular' of 
STASIUK et al. (1996); 'granophyric' or 
'granitic' of LOFGREN (1971b) 
'snowflake' of ANDERSON (1969, 1970), 
GREEN (1970), and TORSKE (1975) 
'spongy' quartz of GEIJER (1913) 
'micropoikilitic' of LOFGREN (1971b) 
sometimes the very-fine grained texture 
in the outer parts of coarse spherulites 
is referred to as 'granophyric'2 
1 Prefix 'micro-' is not used here since it describes textures of plutonic, hypabyssal rocks 
2 'granophyric' should be used for eutectic intergrowths of qu and fsp's, it implies near-surface environments 
The nomenclature for rock textures of rhyolitic rocks is not consistent in the literature and 
sometimes its use is misleading. Table 5.1 lists textural terms used throughout the thesis, together 
with a brief description and a comparison with selected literature references. In the following 
discussion, original textural terms, as described in the literature are sometimes retained, but to 
conform with the nomenclature in Table 5.1 are enclosed in single quotation marks. Where they 
are changed, the original term is given in square brackets. 
5.1 Mechanism of crystallisation 
Crystallisation of a homogeneous phase, whether liquid or glass, commences and extends from 
discrete centres which are distributed throughout the entire volume (e.g., ZARZYCKI, 1991), and 
involves nucleation and crystal growth. Nucleation results from an agglomeration of embryos, as 
starting points for the formation of ordered regions, which form and disappear according to struc-
tural fluctuations, and exhibit different and constantly fluctuating sizes. To be able to serve as 
a nucleus (or starting point of a crystalline phase), the embryo must have a critical size; if large 
enough it will grow spontaneously, but if too small it becomes unstable. The critical size depends 
on the degree of undercooling and will be smaller at higher degrees of undercooling. 
Nucleation proceeds either homogeneously or heterogeneously. If all parts of the (liquid or glass) 
phase are identical in terms of structure, chemistry, and energy, nucleation is completely random 
throughout the entire phase and is referred to as homogeneous. Homogeneous nucleation of a crystal 
will only occur when the concentration of crystal-forming elements in the initial melt is high enough. 
Nuclei are roughly 10 A in size and comprise 10 to 100 atoms (BARD, 1986). However, perfect 
homogeneous phases are seldomly realised in nature and imperfections at surfaces or the presence of 
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particles (e.g., impurities) in the phase are likely. Such imperfections or impurities are sites at which 
the energy necessary for the formation of nuclei is lowered and at which nuclei will preferentially 
grow. This type of nucleation is referred to as heterogeneous. Heterogeneous nucleation will progress 
much faster and closer to the melting point during cooling than homogeneous nucleation. 
Crystal growth involves successive addition of atoms from the 
liquid phase to the surface of the nucleus to form crystalline parti-
cles which grow at a certain rate, the growth rate. Nucleation rate 
describes the number of nuclei formed in a certain volume during a 
specified time. Nucleation rate and growth rate are also a function ~ 
1 of the mobility of crystal-forming melt components as measured by 
diffusion coefficients. 
Crystal growth in natural melts is primarily controlled by the 
rate of surface processes. As can be seen in Fig. 5.1 growth rate 
increases with increasing undercooling, attains a maximum at a 
certain temperature and then decreases on further cooling. This 
maximum is controlled by the magnitude of the diffusion coefficient 
which decreases exponentially with decreasing temperature. At a 
given temperature the growth rate of a crystal is constant, as long 
as its growth is not hindered by other crystals. A similar curve 
describes the nucleation rate. However, its maximum is below that 
E 
~ nucleatlon 
metastable region 
Rate 
Figure 5.1: Simplified diagram of 
the dependence of nucleation and 
crystal growth rate on temperature 
(after: BOUSKA, 1993). 
of the growth rate curve, allowing a glass to be supercooled without any apparent tendency to 
crystallise. Onset of nucleation is below the 'metastable region' in which crystals can grow if nuclei 
are already present. The interplay between nucleation and growth rate (which itself is determined by 
the cooling history) defines the average crystal size. In general, crystallisation processes in natural 
glasses are very slow and even when nuclei (or phase boundaries) are present, crystallisation does 
not occur in a short time period (BOUSKA, 1993). Silica-rich melts are characterised by a so-called 
'nucleation lag' effect (SWANSON et al., 1989), a delayed nucleation of up to 10 days at small degrees 
of undercooling. Even after that period some liquids at subliquidus temperatures do not nucleate 
(e.g., FENN, 1977; SWANSON, 1977; NANEY & SWANSON, 1980). 
Crystal growth is controlled by the following processes, any of which may be the dominant pro-
cess in the overall growth rate, depending on relative diffusion rate, heat-transfer rate, undercooling, 
and particular growth mechanism (DOWTY, 1980): 
1. interface kinetics: the movement of material across an interface and its attachment on the 
growing crystal surface; 
2. material transport (or volume diffusion): the transport of material through the melt; and 
3. heat transfer: the removal of latent heat of crystallisation from an interface. 
At low undercooling (1) is dominant, while (2) and (3) are more important at high undercooling. 
If the overall growth rate is controlled either by (2) or (3), a planar interface becomes unstable and 
non-compact morphologies develop so that protuberances grow faster than surrounding areas as in 
various types of hopper or skeletal crystals, or dendritic morphologies with increasing undercooling. 
Phenocrysts are commonly present in variable abundances in rhyolitic melts. In general, they 
grow in the magma chamber at low degrees of undercooling. Under this condition nucleation of 
new nuclei is suppressed and the growth rate of existing crystals is fast. Microphenocrysts may 
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represent a transitional stage between magma chamber and magma ascent; slightly higher degrees 
of undercooling, a decrease in pressure, and possibly degassing contribute to higher nucleation 
rates as well as lower growth rates (compared to the growth rate of phenocrysts at lower degrees 
of under cooling) . However, the nucleation and growth of phenocrysts and microphenocrysts are 
outside the scope of this study. 
5.2 Crystal shapes as a function of cooling rate 
In this section only primary crystallisation, e.g., crystallisation directly from the melt state, under 
conditions of high degrees of under cooling during and after an eruption is briefly discussed. Crystal 
shapes, such as equant, skeletal, dendritic, and spherulitic, depend on the cooling rate and the 
degree of undercooling2 of the liquid in which the crystals formed and grew and is therefore a 
function of growth rate and mobility of the slowest crystal-forming component in the melt. 
Isothermal crystallisation studies of plagio-
clases by LOFGREN (1974) show that plagioclase 1200 
1100 
shape varies systematically with the degree of s:> 1000 
undercooling. With increasing ~ T plagioclase 
shape changes from tabular crystals [thin crystals 
perpendicular to (010)], to elongate skeletal, to 
dendritic, and finally to spherulitic crystals (Fig. 
5.2). As can be seen in Fig. 5.2, this sequence in 
crystal shapes is found in the composition range 
@ 900 
:l 
'5 800 ! 700 f<:::=---7'~;::::::=~ 
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wt-% anorthite 
An20 to An7o, whereas at compositions less than Figure 5.2: Crystal shape of plagioclase as a function 
AnI5 the crystal shape changes directly from tab- of the degree of undercooling and composition in the 
system Ab-An-H 20 (after: LOFGREN, 1974). 
ular to spherulitic (or radiate). In this composi-
tion range, the observed plagioclase shapes are 
similar to those for the alkali feldspar system (FENN, 1977). In general, at these high temperatures 
the growth rates along crystallographic directions follow the trend a > c > b. Due to the similar 
crystal structure of plagioclases and alkali feldspars, both show similar growth forms (SWANSON, 
1977). 
LOFGREN (1974) and KIRKPATRICK (1975) applied the spherulite growth theory (as outlined 
later on page 73 and following pages) to crystal shapes produced in their cooling experiments and 
found that at large degrees of undercooling the growth rate, G, will greatly exceed the diffusion 
rate, D, giving a ratio D /G in the order of 10-4 cm. This value corresponds to the fibre width of 
dendritic and spherulitic growth forms in their experiments. 
A similar sequence of crystal shapes depending on the degree of undercooling was experimentally 
established for olivine (e.g., DONALDSON, 1976; WALKER et al., 1976; BIANCO & TAYLOR, 1977) 
and to a lesser degree for pyroxene (e.g., LOFGREN et al., 1974). 
2The degree of undercooling, ~ T, is the difference between liquidus temperature, Tliq, and the crystallisation 
temperature (LOFGREN, 1974). 
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5.3 Experimentally produced devitrification textures 
This section looks at devitrification which is the crystallisation of glass as opposed to primary 
crystallisation from the melt as discussed in the previous section. The process occurs through 
slow cooling or prolonged heating of the glass at the temperature of initial softening or after long 
time periods at low temperature3 (BOUSKA, 1993). Devitrification rates are much faster at high 
temper~tures just below the glass-transition temperature than at low temperatures. The major 
difference between devitrification and crystallisation from a melt, is the time and temperature factor, 
since devitrification involves the same atomic rearrangement as is found in melt crystallisation 
(MARSHALL, 1961). Often the term 'devitrification' is used with the additional meaning of a 
hydrothermal reconstruction (hydration) of the glass, also in situ with negligible loss of material 
(MARSHALL, 1961). In a strict sense, devitrification describes the transition from the non-crystalline 
to the crystalline state, which may be facilitated by a hydration of the glass. Hydration processes 
are not included in this section but are discussed in Chapter 9. 
LOFGREN (1971b) did one of the few experiments to determine devitrification textures under 
controlled conditions. Obsidian from Little Glass Mountain, Napa County, California was devitrified 
in the presence of either pure water or alkali-rich solutions in the T-range 240-700°C and p-
range 0.5 to 4 kbar. Crystalline products were LT-qu (+cri?), Na-rich and K-rich alk-fsp, minor 
px, ana, and rare musc. Devitrification textures included spherulites, micropoikilitic quartz, orb 
texture, axiolites, and miarolitic cavities. These textures were categorised into dominant textural 
associations, or stages, which are characterised by a general set of growth conditions that grade 
from one stage to the next. 
The 'glassy stage' describes undevitrified glass containing a few widely spaced spherulites. 
Typical glass textures (such as perlitic cracks, strain birefringence, shard outlines) may be present. 
Cristallites and microlites do not show any alteration. Such spherulitic obsidians indicate rapid 
cooling of a water-undersaturated melt where minor nucleation was possible. 'Felsitic' textures4 
mark the transition to the spherulitic stage. 
At the 'spherulitic stage', an obsidian is completely crystalline, i.e., the cryptocrystalline 
[felsitic] texture loses all glass traces and is now spherulitic and/or contains poikilitic [micropoikilitic] 
quartz. Spherulites are either spherical with hardly distinguishable fibres or bow-tie shaped with 
coarser fibres. Besides the 'micropoikilitic' form, quartz may also show patchy extinction (see also 
Section 5.7.2 on page 84). This stage requires more water or a slower cooling rate and higher 
temperatures than the glassy stage. Slower cooling rates as well as higher temperatures promote 
extensive nucleation and crystal growth. The water may be rich in alkalis, especially locally. A 
gradual recrystallisation of crystalline phases already present marks the transition to the third stage 
(which actually was not observed in the experiments, but is inferred). 
In the 'granophyric' or 'granitic stage' all traces of spherulitic fibres are erased and devitri-
fication results in a felsitic [granophyric or granitic] texture. This stage requires a constant T /p for 
considerable time, either during initial cooling or subsequent reheating. Water is near saturation and 
3The latter devitrification process explains the fact that no glasses older than 65 m.y. have been found (BOUSKA, 
1993). LOFGREN (1971b) however, is more cautious in stating that there are rare glasses older than 135 m.y. 
4'Felsitic' texture refers to "innumerable minute extinction units that are neither distinctly crystalline nor distinctly 
glassy" (LOFGREN, 1971b) and should therefore be renamed to cryptocrystalline texture. LOFGREN (1971b) explained 
its origin due to a gradual break-up of the strain birefringence pattern in the glass. 
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the presence of alkali-rich solutions decreases the time required to produce 'granophyric/granitic' 
textures. 
LOFGREN'S (1967) devitrification experiments on rhyolitic glass in the T-range from 240- 650°C 
and water pressures up to 4 kbar yielded devitrification rates of 10-7 cm s-1 in the presence of 
alkali-rich solutions and 10-10 cm s-1 in the presence of pure water. 
5.4 Microphenocrysts and microlites 
Microlites are found in almost all (originally) glassy or cryptocrystalline rhyolitic rocks. Their 
mineralogy, shape and placement may yield vital information about the crystallisation history of 
a rhyolite flow or dome. The first comprehensive studies of microlites go back to ZIRKEL (1876, 
1893) and IDDINGS (1899) who provided classical descriptions of these features. 
In terms of their size, there is no clear distinction in the literature between microlites and 
microphenocrysts. CASHMAN (1992) proposed that the term microlite be used to describes crystals 
<30 /-Lm in length and that the term microphenocryst be used for crystals between 30 and 100 /-Lm 
in length. SHARP et al. (1996) proposed a distinction based on the crystal width: microphenocrysts 
«40 /-Lm, >1.2 /-Lm), microlites «1.2 /-Lm, >0.6 /-Lm), and nanolites «0.6 /-Lm). This distinction 
is useful when statistically comparing crystal parameters, since the crystal width offers a more 
stable variable than crystal length. Measurable crystal lengths depend on the crystal orientation in 
relation to the measuring plane. Crystal width is used in this thesis. The recognition of so-called 
nanolites is possible due to the application of TEM5 to the study of volcanic glasses (SHARP et 
al., 1996). Since in the literature dating before these two proposals of size differentiation no clear 
distinction between microlites and microphenocrysts had been outlined, the following discussion 
applies for both microphenocrysts and microlites. Examination of published photographs reveals 
that crystals in the upper size range of microphenocrysts (as defined above) are still referred to as 
microlites-a fact that reinforces the proposed approach to discuss both crystal size types together. 
The reader has to keep this in mind since, for reasons of readability, the term microlite is used 
throughout the following discussion. 
5.4.1 Morphology and mineralogy 
General morphology 
Before the term microlite (gr. /-LLKpOr:;, small, tiny; AL6or:;, a stone, rock), other names were in use, 
such as belonite (gr. (3EA6vry, a needle) for long, slender prisms, or trichite (gr. 'I3(}L, a hair) referring 
to opaquish hair-like forms. In general, microlites are tiny crystals in the above defined size range 
having a distinct birefringence under the microscope. In contrast, crystallites lack this birefringence 
and appear opaque. The term microlite gives no clue to the form or shape of these solids. Following 
the original definition of microlite morphologies, the following terms are used throughout the thesis 
(see Fig. 5.3; VOGELSANG, 1864; ZIRKEL, 1893; and RUTLEY 1891): 
5Transmission electron microscopy (TEM) allows spatial resolution of a few Angstrom. Application of TEM to 
glasses in a contact granodiorite-basalt from Mono Craters, California, revealed similar nanolitic structures of round 
magnetite grains and platy biotite in the form of skeletal intergrowths (TECHMER et at., 1996). TEM studies provide 
invaluable insight into the nucleation process and bridge the gap between atomic domains and microlite forms in 
glasses (see Section 3.2.2 on page 27). 
64 
Globulites-small, often isotropic spheroidal bod-
ies which are generally oval or spherical in form; cu-
mulites-irregular accumulation of globulites; mar-
garites-chain-like globulites; longulites-needle-like, 
cylindrical rods with ellipsoidal or oval cross section; 
clavalites-club-ended longulites; lath-shaped,· pris-
matic and skeletal microlites-needle-like crystals with 
a defined prismatic or rectangular cross section or one 
defining skeletal growth (such as hopper-like termina-
tions); trichites-Iong, thin, dark, hair-like bodies oc-
curring as single individuals, either straight or curved, 
or in groups, frequently radiating from a centre (the lat-
ter are also known as 'spider-like' arrangements); and 
scopulites-microlitic aggregates arranged in fan-like, 
bow tie, sheaf-like, dendritic or feathery shapes. Al-
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Figure 5.3: Terminology of microlite morpholo-
gies: a-granular; b-globulite; c-margarite; 
d-Iongulite; e-clavalite; f-Iath-shaped; g-
skeletal; h-prismatic; i, j-trichite (j-'spider-
like') (after: VOGELSANG, 1864). 
though the original classification system included axiolitic and spherulitic forms they are not in-
cluded here but described in Section 5.5 on page 70. Other classification schemes for microlite 
morphologies have been proposed (e.g., LIN, 1994, for microlites in pseudotachylites) but they are 
often very similar to the described forms or not applicable in respect to this study. 
Relation between morphology and mineralogy 
A variety of minerals form microlites in rhyolite flows, including pyroxene, feldspar, amphibole, 
biotite, sanidine, and magnetite (e.g., ZIRKEL, 1893; Ross, 1962), although positive identification 
may be difficult due to the small size of the microlites, even with microprobe analyses. Some 
morphologies are characteristic of certain minerals. However, this is not always the case and the 
main emphasis of this section is the description of typical minerals forming microlites. 
The degree of under cooling has an influence on the mineral to be formed (NANEY & SWANSON, 
1980). Framework silicates (such as plagioclase) require a higher degree of undercooling to form 
nuclei than do chain-structure silicates (such as pyroxene). The depolymerisation effect of iron and 
magnesium contributes to a more rapid (or easier) nucleation of chain and sheet silicates, effectively 
suppressing the nucleation of framework silicates such as feldspar and quartz. 
Pyroxene 
Pyroxene microlites are widespread and often dominant over other mineralogies. They occur 
as slender prisms, as randomly arranged 'spider-like' groups and/or as bead-like strings of minute 
stout prisms (Fig. 5.4 on page 68; e.g., ALLPORT, 1872a, 1872b; Ross, 1962). In a comparative 
study of obsidians from various occurrences, Ross (1962) found a remarkable similarity in size and 
crystal habit for prismatic pyroxenes with a very narrow range in microlite size. Pyroxene microlites 
are elongated along the c~axis with an aspect ratio of 10:1, and many show pyramidal terminations. 
Often the pyroxenes have a very pale green colour and a very low apparent birefringence in thin 
sections. 
'Spider-like' pyroxene microlites formed apparently around magnetite grains (Fig. 5.6 on page 
68). The filaments are very thin, with thicknesses of 0.4 to 2 /-lm, and the thinnest filaments may 
65 
CHAPTER 5. CRYSTALLISATION PROCESSES 
appear to be opaque. The bead-like microlite form is characterised by a series of stout prisms 
attached to, or overgrown on, a very slender prismatic core indicating two formation episodes (Fig. 
5.5 on page 68). The compositions of the pyroxenes ranges from augitic (e.g., Ross, 1962), to ferro-
augitic (e.g., SWANSON et al., 1989), or from hypersthene to augite (mainly pigeonite or low-Ca 
augite; SHARP et al., 1996). TEM studies on such pyroxene microlites and nanolites show that they 
are composed of a fine-scale intergrowth of three distinct pyroxene phases (core-rim: hypersthene, 
pigeonite, low-Ca augite). 
Ross (1962) attributed the different morphologies to different growth regimes; prismatic pyrox-
ene microlites formed in a HT environment with a low viscosity, whereas trichitic forms grew at 
lower temperatures and higher viscosities. 
Recently, GUTZOW & HEIDE (1996) proposed an alternative theory for the origin of certain 
trichites, especially those found in obsidian from the Gagamskaja Complex, Armenia (HEIDE, 1989). 
Here, the filaments of trichites are not smooth but appear to be decomposed. According to their 
investigations these structures are probably tracks of moving and reacting particles (derived from 
decomposing silicates like pyroxenes or micas) in flowing melts which are frozen-in (see page 31). 
A possible reaction for a decomposing pyroxene may be: 3 CaFe[Si2 0 6] + 0.5 O2 -+ 3 Ca[Si03] 
+ Fe304 + 3 Si02 . These trichitic structures often show a wavy path in the melt resembling 
Brownian-like movement of particles. The zig-zag path has its origin in a kinetic impulse released 
by the segregation of a tiny piece of matter from the reacting particle, on every turn thus shifting the 
direction of drift. In other cases, trichitic structures resemble 'micro-explosions' in the glass with a 
multitude of tracks commencing from a common centre. These 'micro-explosions' are explained by 
exploded overheated particles submersed in the melt, and smaller drifting remnants of the particle 
describe the fireworks-like tracks. GUTZOW & HEIDE (1996) substantiated their conclusions by 
comparison with similar drift patterns for metal hydroxides in aqueous solutions of N a-metasilicate. 
Another possibility is that the decomposed filaments are simply the result of alteration of pre-
existing filaments due to reaction with exsolved fluids or gases. The delicate shape of smooth 
trichitic filaments suggests a formation in a resting (at least locally) melt. Released gases may 
oxidise or resorb these filaments in a similar way to the way microlites are affected when they 
were enclosed in spherulites (see page 72). Furthermore, the highly viscous state of the melt could 
exclude a Brownian-like zig-zag movement of tiny particles. 
A similar kind of decomposition and oxidation of pyroxene microlites was described by 
GEVORKIAN et al. (1996) in obsidian from Armenia. During extrusion of obsidian, slender pris-
matic Fe-Mn-pyroxene and euhedral magnetite microlites were formed. During a second heating 
process, pyroxenes decomposed and oxidised to form magnetite and/or maghemite whiskers with 
thicknesses of less than 200 nm and length of more than 0.5 mm. These authors suggested that 
the whisker formation required a viscosity of less than 10-4 Pa s and a reheating to more than 
1000°C6 . Although GEVORKIAN et al. (1996) ruled out a formation of such whiskers during trans-
port of melt or during alteration after cooling, their formation remains an open question. The 
formation of magnetite whiskers is not bound to the decomposition of pyroxene microlites, but may 
also be connected to bubble growth (e.g., water release due to biotite decomposition). Nucleation 
energy of magnetite is reduced at the interface bubble-melt and the nucleation of magnetite may 
therefore follow the trace of bubble movement in the melt resulting in whisker-like forms (HEIDE 
6Reheating of lava, especially when dealing with highly silicic melts, is not easily imaginable. 
66 
5.4. MICROPHENOCRYSTS AND MICROLITES 
et al., 1996). 
Feldspars 
In general, feldspar microlites are next to pyroxene in abundance. They occur as slender prisms 
with a variety of sizes and often have fork-like or hopper-like terminations. Although Ross (1962) 
found sanidine to be the characteristic feldspar occurring as microlites, plagioclases microlites are 
also widespread (e.g., PHILLIPS & GRIFFEN, 1981; SWANSON et al., 1989), and they are all elongated 
along the a-axis. SHARP et al. (1996) found the average composition of plagioclases microlites from 
Ben Lomond rhyolite dome, TVZ, New Zealand, to be An45' 
Other minerals 
A ubiquitous mineral occurring as micro lites is magnetite whose abundance may vary greatly 
even within a given flow or dome. Generally, magnetite forms granular microlites of irregular 
shapes, but it may also occur as clouds of 'dust-like' grains. In addition, magnetite forms nuclei for 
pyroxene or amphibole 'spiders' (see Fig. 5.6 on page 68 showing also a skeletal, comb-like form 
of magnetite). Amphibole microlites are less abundant and have been reported from only a very 
few occurrences. In general, they tend to be larger than pyroxene microlites (Ross, 1962) and their 
needles tend to taper to slender terminations, which may also be branched. Occasionally, a number 
of amphibole microlites nucleate at magnetite grains, but they are not observed to form curved 
filaments. Some of the amphiboles show no sign of alteration whereas others are the product of 
hydrothermal alteration. Biotite rarely forms microlitic structures, but they have been described in 
association with feldspar microlites (ROSS, 1962) or with skeletal hornblende micro lites (SWANSON 
et al., 1985). Amphibole microlites in obsidian from Ben Lomond rhyolite dome, TVZ, show a 
composition intermediate between amphibole and mica (so-called biopyribole; SHARP et al., 1996). 
Unusual rhyolite chemistry may produce unusual mineral associations forming microlites. PRICE 
et al. (1992) found in the highly radioactive topaz rhyolites of the Toano Range, Nevada, micro-
lites of magnetite, hematite, pyrite, discrete octahedral fluorite and discrete pale green fayalite 
prisms, as well as fayalite attached to iron oxide microlites. 
5.4.2 Onset of formation, growth rate and growth sequence 
The morphology and mineralogy of microlites, as well as their distribution within a given flow or 
dome, give vital clues about the onset of crystallisation as well as the crystallisation sequence (if 
there is more than one microlite-forming mineral present). For example, Ross (1962) concluded 
from the absence of pyroxene microlites in tephra, but their presence in flow/dome obsidians, that 
the microlites must have been absent at the time of eruption but formed during the interval between 
eruption and emplacement. 
At Inyo Domes, California, hornblende and biotite microlites, in tabular and skeletal form, are 
present in the dome interior, in the tephra and in glass within the tephra. No difference in size 
distribution is evident for quickly cooled sections (basal and distal dome portions) and more slowly 
cooled sections (dome interior). This suggest that the crystallisation of the microlites commenced 
before the eruption ofthe obsidian (SWANSON et al., 1985). Further evidence is given by the nature 
of the microlites (hydrous phases), consistent with crystallisation from a hydrous melt at > 1 bar. 
Microlite formation is ascribed to an undercooling of at least 200°C (SWANSON et al., 1989). 
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Figure 5.4: Trichitic Cspider'-like) and bead-like arranged pyroxene microlites in a colourless glass. The delicate 
shape of the trichites and loop-forming beads of stout prisms suggest a microlite growth after local flow 
cessation. Length of view: 0.23 mm. Sample NQ-25, Ngongotaha Dome, Rotorua. 
Figure 5.5: Close-up of bead-like arranged pyroxene prisms as well as trichitic microlite forms having opaque 
filaments. Trichite next to bead-like microlite at upper right shows nucleation at a magnetite grain. Scale 
bar: 25 j.lm, DIC photo. Sample NQ-25, Ngongotaha Dome, Rotorua. 
Figure 5.6: Trichites (upper right), individual pyroxene prisms (upper and centre left) and skeletal, comb-like 
magnetite whiskers (at right) in fresh obsidian. Scale bar: 25 j.lm, DIC photo. Sample NQ-25, Ngongotaha 
Dome, Rotorua. 
Figure 5.7: REM image of a spherulite in glass matrix. The outer spherulite surface is characterised by fibre 
protrusions (see next photo for close-up). Scale bar: 100 j.lm. Sample NQ-25, Ngongotaha Dome, Rotorua. 
Figure 5.8: REM image showing spherulite surface. Individual spherulite fibres are oriented perpendicular to the 
photographic plane and have commonly six-sided cross sections. Furthermore, the fibres terminate not in one 
concentric plane but at different levels. Scale bar: 10 j.lm. Sample NQ-25, Ngongotaha Dome, Rotorua. 
Figure 5.9: Complex nature of crystallisation is demonstrated by at least five generations of spherulites having 
different colours, sizes, and shapes. Differently coloured spherulites in thin sections have been describes 
elsewhere (e.g., WILKINSON, 1934). The spherulites post-date flow banding which is here defined by microlites 
and minute colourless spherulites. The minute colourless spherulites were interpreted to be the result of strain 
in the cooling rock (BONNEY & PARKINSON, 1903). Length of view: 3.5 mm. Sample NQ-6, Ngongotaha 
Dome, Rotorua. 
SHARP et al. (1996) concluded from their study of microlites in obsidian from the Ben Lomond 
Dome, TVZ, that the pyroxene microlites crystallised in response to a high degree of undercooling 
associated with devolatilisation and magma ascent. Further undercooling, possibly associated with 
cooling and devolatilisation after magma eruption, gave rise to pyroxene nanolites which are mi-
crostructurally similar to pyroxene microlites. The microlites and nanolites comprise two distinct 
size-distribution populations. The presence of microlites in the upper obsidian layers and in the 
finely vesicular pumice layers of the dome supports a pre-eruptive crystallisation of microlites (see 
also STEVENSON et al., 1994a). 
Most studies agree that microlite nucleation and growth probably commenced during the magma 
ascent prior to the extrusion of dome magma (e.g., WESTRICH et al., 1988). Theoretical con-
siderations suggest that microlites crystallise due to decompression of water-saturated magmas, 
vapour-phase evolution and magma degassing (SWANSON et al., 1989). This was confirmed by adi-
abatic decompression experiments of hydrous dacitic melts which resulted in a rapid nucleation and 
crystallisation of microlites of progressively more albitic plagioclases and associated pyroxenes and 
Fe-Ti oxides, as well as a highly evolved residual melt (GESCHWIND & RUTHERFORD, 1995). The 
presence of microlites in volcanic rocks indicates, therefore, early volatile loss from the magmatic 
system (SWANSON et al., 1989). 
Growth rates 
Experimentally derived microlite growth rates (GESCHWIND & RUTHERFORD, 1995) of 7.2 to 
14.10-9 cm s-1 agree well with calculated (CSD curves) growth rates of 10-9 cm s-1 for the initial 
phase of the 1980 eruption of Mount St Helens (CASHMAN, 1992). CSD-derived growth rates of 
microlites for the later stages of Mount St Helens eruptions show a marked decrease to 3 . 10-11 cm 
s-1 towards the end of 1980, and more during 1981-1986 « 1 . 10-13 cm s-\ CASHMAN, 1992). 
69 
OHAPTER 5. CRYSTALLISATION PROCESSES 
5.5 Spherulitic growth forms 
KEITH & PADDEN (1963, 1964a, 1964b) developed a theory of spherulitic growth which also explains 
the dependence of spherulite morphology on changing growth parameters. This theory allows 
qualitative statements to be made about the cooling history of a magma, provided its crystalline 
products contain spherulitic growth forms (LOFGREN, 1971b). SPANGENBERG (1920), ROSENBUSCH 
& WULFING (1924), MORSE & DONNAY (1932, 1936), and MORSE et al. (1932) investigated the 
optical behaviour of spherulites and explained the origin of the so-called spherulite figure. 
5.5.1 Morphology 
The term spherulite 7 describes an aggregate consisting of confocal crystal fibres. Each of the fibres 
represents a single crystal and diverges only slightly in its crystallographic orientation from its 
nearest neighbour. These aggregates are generally spherical in shape but may show a wide variety 
of morphologies depending on the formation temperature (Fig. 5.10). The initial form, in most 
cases, appears to be the sheaf, a bow-tie shaped form, which in 3D appears as two cones joined at 
their apices (LOFGREN, 1971a). 
Experimental studies by LOFGREN (1971a) related spherulitic morphologies to formation tem-
peratures: 
• T < 400°C: sheafs generally develop an almost circular outline; 
.. 400 - 650°C: growth of the sheaf is arrested by neighbouring sheafs and therefore its shape is 
preserved; and 
• 650 - 750°: individual spherulite fibres approach 10-20 11m in diameter and become widely 
spaced. 
Although spherulites possibly generally nucle-
ate on existing solid particles, such as phenocrysts 
or at vesicle walls, frequently no nucleation cen-
tres are visible in thin section. SWANSON et al. 
(1989) found no relation between the presence 
of microlites and spherulite nucleation. Ordered 
atomic scale domains8 and/or strain centres due 
to last-stage motion of highly viscous melt (ef-
fectively frozen-in) may act as nucleation centres 
spherical 
Figure 5.10: Various spherulitic shapes as a function 
of crystallisation temperature (see text for explanation; 
after LOFGREN, 1971a). 
for spherulites. Axiolitic spherulites growing perpendicular to certain flow planes nucleate at these 
planes possibly due to water exsolution/transport along these planes or to accumulated stress at 
these planes (Fig. 5.19 on page 78). Fractures may also serve as nucleation sites whereby the 
spherulite growth commences at the fracture surface and moves inwards (COLE, 1891; HOWARD, 
1939). 
7 Occasionally the term spherulite was applied to spheroidal bodies of a rather large size (up to two metres in 
diameter) but which were not composed of radiating fibres (e.g., SIMONS, 1962). Such spheroids consist of a dense, 
stony centre and a small crust. BRYAN (1934) suggested the term spheruloid for these spheroidal bodies. The term 
spherulite most commonly describes aggregates consisting of radial fibres and I suggest it should only be used in the 
scope of this definition (e.g., GARY et al., 1974; ALLABY & ALLABY, 1990). 
8Structural studies on obsidians by TANIGUCHI (1974) indicated the presence of 'droplet-like' structures of about 
1000 A in diameter, which he interpreted to be either crystalline phases or 'droplet-like' segregation particles derived 
from metastable liquid immiscibility. 
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Nucleation and growth of spherulites at equally spaced distances result in a polyhedral mosaic of 
spherulitic growths9 • Also, a number of spherulite generations may be present which result in very 
different textural appearances (Fig. 5.9 on page 68 and Fig. 5.17 on page 78). Sometimes, a few 
spherical bodies are embedded in a mosaic of a later generation of smaller spherulites (SHELLEY, 
1993). Larger spherulites occasionally enclose smaller spherulites as well as phenocrysts (apart from 
those which acted as the nucleus of spherulitic growth). COLONY & HOWARD (1934) observed that 
crystal fibres of the host spherulite curve around the included phenocrysts or smaller spherulites. 
Spherulite fibres 
Spherulite fibres are for the most part prism-like needles and more or less isometric in cross 
section (see Fig. 5.8 on page 68). Fibre thicknesses depend on the growth temperature of the 
spherulites (Fig. 5.11). At T < 500°C fibres are generally 1-3 /-lm thick, and as the liquidus tem-
perature is approached the fibre width increases to 10-20 /-lrrl.. In experiments at 700°C individual 
microlites with thicknesses greater than 20 /-lm are almost as abundant as spherulites (LOFGREN, 
1971a). 
Spherulite fibres have a remarkably constant thickness and uniformly fill the space throughout 
the spherulite through repeated branching. Since some preferred crystal axis always lie parallel, or 
almost parallel, to the radial direction, fibres branch in a non-crystallographic manner. The crys-
tallographic orientation of the parent fibre is not preserved in the daughter fibre and the branching 
angles are not simply related to the geometry of the crystal lattice. KEITH & PADDEN (1963) re-
ferred to this process as small-angle branching (see page 75 for discussion), which is best described 
as a splitting in which two distinct daughters emerge from the tip of a parent fibre at some arbitrary 
and small angle. HARKER & CLOUGH (1904) described the repeated bifurcation of fibres at acute 
angles in spherulites from Druim an Eidhne, Isle of Skye, Scotland, as 'fox's brush structure'. 
Spherulitic growth and flow features 
The relationship between spherulitic growth 
forms and flow features gives information about 
the onset of spherulite crystallisation in relation 
to the emplacement stage of a flow or dome, and 
may help to decide whether the growth nature 
was primarily from a melt or secondarily as a de-
vitrification product (see Section 5.7 on page 83). 
In the case the flow layering (e.g., parallel 
aligned microlites) runs through spherulites it is 
evident that the latter formed after the flow came 
to rest. 
Sometimes, however, flow layering is deflected 
around spherulites in the same way as it is de-
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Figure 5.11: Plot of spherulite fibre diameter in exper-
imentally devitrified rhyolite glass versus the run tem-
perature (LOFGREN. 1971a). 
flected around phenocrysts (e.g., IDDINGS, 1888; HOWARD, 1939). COLONY & HOWARD (1934) 
observed microlites forming curved lines around spherulites despite an irregular arrangement of 
microlites within these spherulites. These authors regard the curvature of microlite lines as a result 
of lava movement which is local and small-scale in character. They dismiss the possibility that the 
90TVOS (1961) used the term miemitic to describe polyhedral spherulitic rhyolite. 
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growing spherulite fibres pushed aside the microlite streams in their path. Small-scale, localised lava 
movements may have their origin in convection currents due to variations in viscosity, composition, 
density, temperature, pressure, or a 'settling' of the magma body. 
COLONY & HOWARD (1934) regarded the arrangement of microlites in spherulites as an index of 
lava viscosity at the time of spherulite growth which may be used as an indication of comparative 
cooling rates of similar lavas. If viscosity was 'sufficiently low at the time of spherulite growth, 
microlites would be disturbed by diffusion due to spherulite growth and would have been included 
in the spherulite in an irregular arrangement. On the other hand, a flow-aligned arrangement of 
microlites in the spherulite indicates a comparatively high melt viscosity in which the microlites 
are unaffected by the diffusion due to spherulite growth. It is interesting to note that these authors 
treated spherulites as primary crystallisation products and not as the result of devitrification. 
Frequently, microlites enclosed in spherulite show evidence of alteration, probably due to the 
crystallisation process and release of water resulting in an oxidation. IDDINGS (1888) described 
reddish alteration microlites enclosed in spherulites. Affected microlites lose their birefringence, 
become opaque, and show a corroded outline. 
5.5.2 Composition 
Spherulites are composed of fibres usually made of more than one mineral species. Common min-
erals forming spherulite fibres in high-silica melts are feldspars (alk-fsp, plag) , polymorphs of Si02 
(cri, tri, qu), and sometimes cpx. Table 5.2 lists examples of mineral associations in spherulites. 
Spherulites occasionally show radial fibres of an opaque material grown alongside the constituent 
Table 5.2: Typical mineral associations of spherulites in rhyolitic rocks. 
mineral association 
qu+Na-plag 
cri+ "perthite" 
cri+anor+san (+tri) 
oli (+cri) 
cri+HT-san 
a-cri+calcic anor 
qu+HT-san+LT-anor 
cri+san 
locality 
Agate Point 
San Juan Mountains, Colorado 
Shirataki, Hokkaido, Japan 
Sonora, Mexico 
Circle Creek, Elko Country, Nevada 
Aratiatia, TVZ, New Zealand 
Hosaka, Japan 
Obsidian Dome, Inyo Domes, California 
reference 
BAIN (1926) 
HURLBUT (1936) 
TANIDA (1961) 
BROUGHTON (1968) 
COATS (1968) 
EWART (1971) 
AKIZUKI (1983) 
SWANSON et ai. (1989) 
fibres of a spherulite. These opaque fibres may also show a branching into daughter branches. 
Sometimes the opaque fibres are oxidised to a reddish colour which points to an iron oxide variety 
as the original material. 
Often spherulites show a marked concentric colour zonation which may be due to different min-
eral associations in different zones of a spherulite (Fig. 5.18 on page 78). MATHEWS & WATSON 
(1953) investigated concentrically zoned spherulites in rhyolite dikes in the Atsutla Range, Northern 
British Columbia, and found that individual zones are characterised by a predominance of one or 
two minerals out of the assemblage alk-fsp+acm+rie+qu+plag. Concentrically zoned spherulites 
were also described by EWART (1971) in which the zonation was due to minute granules of mag-
netite, hematite and probably secondary goethite. Another explanation for concentric zonation in 
spherulites is found in repeated pauses and starts of spherulite growth (RAISIN, 1889). 
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5.5.3 Growth theory 
Spherulites are considered to be non-equilibrium crystal forms that crystallised under a specialised 
set of conditions (e.g., LOFGREN, 1971a). Based on experiments in liquid-crystal systems similar to 
silicate systems KEITH & PADDEN (1963, 1964a, 1964b) proposed a theory of spherulitic crystalli-
sation. KESLER & WEIBLEN (1968) applied the theory of KEITH & PADDEN to magmatic melts 
and explained the distribution of chemical components within and around spherulites. This theory 
provides the means of understanding the parameters controlling spherulitic crystallisation and the 
relative growth conditions of various spherulite morphologies. 
In silicate melts containing components that crys-
tallise at different temperatures, the rate of advance C(x) 
of a growing crystal front depends on the interplay of 
different factors. Two such factors are the heat trans-
port and the relative diffusion rates of high-and low-
temperature components. During crystallisation, the 
LT-component is rejected at the interface of the grow-
ing HT-crystal. Provided there is negligible convection 
or stirring, the LT-component will accumulate at the 
crystal-liquid interface to form a layer of thickness 6 
(Fig. 5.12). The LT-component is effectively an impu-
rity to the growing HT -crystal, and its accumulation is 
an impurity layer (LOFGREN, 1971a). The very pres-
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Figure 5.12: Concentration of the low temper-
ature component, C(x) in advance of a growing 
crystal surface (KEITH & PADDEN, 1963) 
ence of an impurity layer is necessary to stabilise the growth of dendrites or the acicular crystals 
that comprise the spherulites lO . 
The role of the impurity layer becomes obvious if we consider one-dimensional steady-state 
crystal growth of a flat-ended crystal at velocity G (growth rate) in a column where the heat is 
extracted through the solid. Concentration of the impurity is given by: 
C(x) = Coexp (-~) + Coo (5.1) 
where Coo is the concentration of the impurity at a point remote from the interface, Co is the excess 
impurity concentration at the interface (x = 0), and D is the diffusion coefficient for the impurity 
in the melt (KEITH & PADDEN, 1963). 
Fig 5.13 shows the positive temperature gradient into the liquid from the crystal-liquid interface. 
Tz(x) refers to the liquidus temperature of the melt which is modified by the impurity layer 6, and 
T(x) represents two possible temperature gradients in the liquid. Given a LT-component in the 
melt and a temperature gradient in the liquid so that the difference T(x) - Tz(x) is negative, then 
a zone of 'constitutionally' supercooled melt will exist at the crystal-liquid interface (shaded area 
in Fig. 5.13). Within this supercooled zone a small projection can form without additional latent 
heat having to be transported away. Throughout subsequent growth the projection remains stable. 
lODuring growth fibres are separated to a greater or lesser extent from one another by layers of yet uncrystallised 
melt which may either remain uncrystallised indefinitely (glassy state) or which may crystallise slowly to fill the 
interstices between spherulite fibres. This secondary crystallisation contributes to a slow lateral growth of existing 
fibres and/or to the formation of new branches. 
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If the under cooling is maintained, the crystal surface will 
break down into numerous projections which are separated 
by grooves having approximately the same dimension as the 
impurity layer (KEITH & PADDEN, 1963). During further 
growth, the pure HT component is deposited at the tip of the 
projection and the impurity diffuses along the edges of the 
projection and is trapped in the grooves. The process lowers 
the temperature at which this liquid crystallises and hence 
stabilises the dendritic projections. This growth type pro-
vides a qualitative understanding of the formation of individ-
ual fibres in spherulite-forming liquids, but does not explain 
the growth of a fibrous crystal habit. 
The distance between spherulite fibres, as well as the fibre 
thickness, is governed by the variation of 6. Thickness of the 
T(x) T(x) 
£.------ TI (x) 
solid liquid 
oL---~o~~-------x 
Figure 5.13: Temperature gradient T(x) 
at a growing crystal surface in relation 
to equilibrium liquidus temperature Tz (x) 
showing zone of constitutional undercool-
ing (after: KEITH & PADDEN, 1963). 
impurity layer, 6, is related to the growth rate, G, of the fibrous projection and to the diffusion 
rate, D, of the impurity layer away from the surface of the growing crystal, as expressed by the 
equation: 
(5.2) 
To a first approximation, the thickness of the individual crystal fibres of a spherulite is the same as 
the thickness of the impurity layer. Eq. 5.2 is general and applies to all spherulite-forming melts 
or glasses. Since the ratio DIG dictates the crystal growth form, temperature does not enter into 
this equation directly. 
Growth of a solid sphere within a spherulite-
forming liquid provides a better model for under-
standing spherulite development as a whole. Here, 
the crystallisation takes places at appreciable un-
dercooling. A slight increase in the LT component 
produces a sharp decrease in the growth rate at 
any given temperature. The decrease in G may 
be equivalent to a reduction in undercooling of at 
least several degrees centigrade. The spherulite ra-
dius (i.e., length of spherulite fibres) increases lin-
early with time. The system can be regarded as 
isothermal if the growth rate is slow enough that 
only a slight temperature gradient is required in the 
melt to sustain growth and if a sufficiently uniform 
ambient temperature is maintained throughout the 
sphere and its environment. An impurity layer must 
surround the spherulite. All these conditions were 
established by KEITH & PADDEN (1963) for high 
polymer spherulite- forming melts and are shown in 
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Figure 5.14: Schematic representation of the L T -
component or impurity concentration, C(x), am-
bient temperature, T(x), equilibrium liquidus tem-
perature, Tl(X), and undercooling, tlT(x), near the 
surface of a crystal growing in a spherulite-forming 
melt. Tz(x) exceeds T(x) at distances from the 
sphere where the effect of the impurity is zero (af-
ter: KEITH & PADDEN, 1963). 
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Fig. 5.14. The LT-component layer is usually less than 10-4 em thiclc Since the variation of 
under cooling d(!J.T)jdx is steep, the surface of the sphere is not stable and any random projection 
formed on it extends out into regions of substantially greater undercooling. Any possible tempera-
ture gradient dT j dx would increase the instability of a smooth sphere surface. However, this factor 
is outweighed by the amount and gradient of local undercooling. 
Under these near-isothermal conditions polyhedral crystals will be forced to develop fibrous 
projections (Fig. 5.15). This is due to the high concentration of the LT-component in the grooves, 
but since the temperature is uniform crystallisation is hindered in the intercellular grooves. Because 
of this the lateral growth of the cells into the grooves is extremely, and increasingly, slow. Hence, 
the surface of a growing sphere develops long fibrous projections separated from each other by 
uncrystallized melt. 
Radial growth rate and fibre diameter 
The radial growth rate, G, of spherulites may be described qual-
itatively by an extension of the Turnbull-Fisher expression for rates 
of surface nucleation (KEITH & PADDEN,1964b). This expression 
allows the temperature-dependence of the spherulite growth rate 
to be understood in term of two competing processes: (i) transport 
rate in the melt (increases with increasing temperature), and (ii) 
nucleation rate (at HT decreases with increasing temperature). At 
temperatures in the neighbourhood of the glass transition temper-
ature the first process (i) will dominate, whereas at higher temper-
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Figure 5.15: Development of fi-
bres from a cellular interface (af-
ter: KEITH & PADDEN, 1963). 
atures near the melting point, the second process (ii) will be the dominant one. Growth rate goes 
through a maximum between these two extremes. Above the temperature for maximum growth 
rate, G is sensitive to changes in undercooling, especially as the melting point is approached. At 
temperatures below the maximum growth rate, G is relative insensitive to changes in undercooling 
and responds more to variations in the transport properties of the melt (KEITH & PADDEN, 1964a). 
Fibre thickness, fJ, as given with Eq. 5.2, appears to have an upper limit of 10-3 em due to 
high viscosities and hence low diffusion rates, and is more generally in the micron and sub-micron 
range. Fig. 5.16 gives an idea of growth vs. diffusion rates for spherulite growth. 
Small-angle branching 
As mentioned before, branching is non-crystallographic and as such arises at misaligned surface 
nuclei. Nucleation at these disordered sites is controlled by the thickness of the impurity layer: (i) 
if the impurity layer has a greater dimension than the random nucleus, the nucleus is swallowed 
by larger topographic features; (ii) if the nucleus is of much greater dimension than the layer the 
nucleus breaks down into smaller projections; and (iii) only if the nucleus is of similar size to the 
impurity layer will the nucleus stay and grow as a fibre. The impurity layer and hence the nuclei size 
must be very small to create fibres with a crystallographic orientation only slightly divergent from 
the parent fibre. Only in these very small ranges of fJ will the spherulite develop. If the new growth 
has a crystallographic orientation slightly departing from that of the parent fibre, it gives rise to 
a new fibre. Thus, the initial fibre has effectively split into two fibres, each about fJ in width and 
each growing along the preferred crystal axis but slightly misaligned with respect to the other. As 
fJ decreases further, the probability of a non-crystallographic branching increases correspondingly. 
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Once a radiating growth pattern is established, fibres diverge from one another and might be 
expected to coarsen. However, they do not, because their width is governed by 8 and further 
branching intervenes. On average, the angles between the parent fibres and their branches increase 
as textures become more open, or vice versa, so the branches are restricted to small angles if 
the fibres are densely packed. Therefore, branching angles are limited more by the availability of 
inter-fibrillar space than by crystallographic con'siderations (KEITH & PADDEN, 1964a). 
Variations in the compactness or coarseness of the 
spherulite texture (brought about either by changes in 
composition or by changes in crystallisation tempera-
ture) correlate extremely well with changes of 8 and the 
concentration of impurities. Coarse fibres are formed 
under conditions where 8 is relatively large and they will 
branch to only a limited extent. This process gives rise 
to spherulites of very open texture, commonly found at 
low undercoolings. The same melt would give rise to 
smaller values of 8 at higher undercooling. 
It should be pointed out that it is only qualitatively 
possible to relate changes in fibre diameter to changes in 
growth conditions in natural melts. The composition of 
a melt has a strong effect on the temperature at which 
the melt favours spherulite growth and on the quanti-
tative relationship between the fibre diameter and the 
growth temperature. The transition from the growth 
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Figure 5.16: Plot of spherulite fibre diameter, 8, 
against the growth rate of the individual fibres, 
G, including diffusion rates, D (after: LOF-
GREN, 1971a). 
of polyhedral crystals to dendrites to spherulites is controlled by variations in the diffusion rate 
and the growth rate. Therefore, the cooling history (or reheating history in experiments) has to 
be regarded as the important factor in producing textures, not the mode of formation. The mode 
of formation affects the short-range order in glass, which in turn affects such phenomena as the 
density and the distribution of nucleation sites; but it cannot determine whether or not spherulites 
will form. 
Applications of spherulite growth theory reported in the literature 
KESLER & WEIBLEN (1968) confirmed the spherulite growth theory of KEITH & PADDEN (1963, 
1964a, 1964b) with their study of element distribution in a spherulitic andesite of the Colombier vol-
canic sequence, Terre-Neuve Mountains, Haiti. Chemical analyses of spherulites and surrounding 
glass showed a potassium concentration in the spherulites, and a sodium, calcium and magnesium 
depletion in the spherulites. According to the growth theory, K and Mg are impurities which were 
concentrated in the inter-fibrillar areas of the spherulites as the plagioclase fibres grew. Potas-
sium allowed the nucleation of K-fsp and bio. Calcium is incorporated into calcic brittle mica or 
pumpellyite forming tiny rims (c. 10 /-lm wide) around the spherulites, separating them from the 
groundmass. A fibre diameter of 10 /-lm, an average spherulite diameter of 1.3 mm, and a diffusion 
coefficient of 2 .10-9 cm2 s-l for Ca in the temperature range from 900 to 1000°C result in a growth 
rate of about 10-6 cm s-l, or a total growth time of 1 to 2 days. 
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Investigations on rhyolitic rocks (Agate Point obsidian) by BAIN (1926) showed a depletion of 
K, Ca, Mg, Fe, and possibly Al during spherulite growth, while Na and Si were retained. Similar 
results were reported by EWART (1971) with spherulites enriched in Na20, Si02, and generally CaO 
but depleted in K20, total iron, MgO, and MnO relative to the coexisting glass. The spherulites 
also show lower ferrous/ferric ratios. However, both spherulites and coexisting glass exhibit sys-
tematic variations in their alkali ratios with increasing spherulitic devitrification: Na20/K20 ratio 
continuously and systematically decreases with increasing spherulitic devitrification. 
5.5.4 Cavities and cracks associated with spherulites 
Spherulites may contain cavities of different shapes and sizes and these are referred to as 'hollow 
spherulites' (or: 'expanded spherulites', 'nodular spherulites', 'compound spherulites'; e.g., BRYAN, 
1934). Sometimes, cavity-bearing spherulites show similarities to lithophysae, but a distinction 
should be made between the two. Cavities in spherulites are, in general, irregular in shape, while 
lithophysae are characterised by concentric chamber-like arrangements of cavities separated by 
delicate and often fibrous wallsll (see Section 5.6 on page 80). A closer morphological relationship 
exists between cavity-bearing spherulites and the so-called 'lip'-structures (see 5.6.4 on page 82 for 
a discussion). 
The origin of the cavities was assigned to (i) chemical and mechanical alteration of solid 
spherulite components and the removal of these alteration products; (ii) expansion of gas bub-
bles due to crystallisation of the anhydrous minerals constituting the spherulites; (iii) expansion of 
gas bubbles due to degassing of the melt; and (iv) hydrostatic tension due to decreasing volume of 
the cooling melt (e.g., WRIGHT, 1915). Various combinations of gas pressure and the contraction of 
cooling melt seem to be a plausible explanation for these cavities (see also discussion in Section 5.6.2 
on page 80). At the vesicle a kind of chain reaction could cause multiple points of nucleation to de-
velop (SHELLEY, 1993). Several stages of spherulite crystallisation bound to vesicles were noted by 
COLE & BUTLER (1892), who observed rounded to elongated vesicles without any spherulites next 
to vesicles with a few spherulite fibres growing at the vesicle wall into the melt 12 . This sequence 
was also suggested by BRYAN (1963) who inferred a crystallisation of radial feldspar fibres at the 
vesicle walls of still expanding vesicles with cristobalite occurring interstitially. Further crystalli-
sation releases more gas contributing to continued vesicle expansion. Cavity expansion is hindered 
by the rigid rim of radiating fibres until a sufficient internal gas pressure has built up to fracture 
the encompassing rim. Melt contraction due to cooling plays a supportive role. Expansion of the 
cavity occurs along radial fractures with segments of spherulitic fibres pushed outwards (BRYAN, 
1934). Fractures are subsequently 'annealed' by continued and rapid spherulitic growth. Inflation of 
the cavities requires deformation of the melt surrounding the spherulite indicating growth occurred 
above the brittle glass transition temperature in the still plastic melt state (e.g., SWANSON et at., 
1989). 
llThis morphological definition of lithophysae follows many geological dictionaries or glossaries (e.g., GARY et al., 
1974; ALLABY & ALLABY, 1990). 
12These authors also described examples in which spherulite fibres actually grew into the vesicles to such an extent 
as to form bridges across the vesicle. 
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Figure 5.17 Figure 5.18 
Figure 5.19 Figure 5.20 
Figure 5.21 Figure 5.22 
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Figure 5.17: The remains of a dark-brown spherulite indicate its original size. After resorption it was succeeded 
by a growth of a tiny colourless spherulitic rim and large areas of pale-yellow spherulitic growth. Length of 
view: 3.5 mm. Sample NQ-26, Ngongotaha Dome, Rotorua. 
Figure 5.18: A large yellow-brown spherulite nucleated at the phenocryst aggregate at the lower right. The 
individual parts of the spherulite may be explained by either a sheaf-like growth so that the present shape 
is 'primary' or by resorption of an originally entirely round spherulite leaving these sheaf-like remains. In 
the first case, the large concentrically zoned dark-brown spherulite may have grown at the same time filling 
the available space, or in the second case it subsequently incorporated the remains of the former spherulite. 
Length of view: 3.5 mm. Sample NQ-34b, Ngongotaha Dome, Rotorua. 
Figure 5.19: Axiolitic growth along flow planes in which spherulite fibres or sheafs grew perpendicular to flow 
planes. Length of view: 3.5 mm. Sample NQ-50, Ngongotaha Dome, Rotorua. 
Figure 5.20: Section of a lithophysal rim showing radial spherulitic growth. The rim is rather uneven and 
commonly has a more or less pronounced rim of irregularly-shaped, but concentrically, arranged cavities. 
Length of view: 3.5 mm. Sample NQ-26, Ngongotaha Dome, Rotorua. 
Figure 5.21: Face covered with lithophysae which are all aligned in a flow plane. Amongst the typical concentri-
cally chambered lithophysae a few 'Iip'-structures are visible such as the one just below the scale. Scale: 15 
cm. Ngongotaha Dome, Rotorua. 
Figure 5.22: In places the structures are not easily categorised as either spherulites, lithophysae, or 'lips', but 
appear to be transitional forms. Occasionally, spherulite growth happens only on one side of a flow plane 
forming half-spheres, as seen here. The large cavity at the upper right has characteristics of a 'Iip'-structure 
and is lined with fayalite crystals. Small b/w scale bars: 1 cm. Ngongotaha Dome, Rotorua. 
PIRSSON (1910) described cracks 
running through several aligned spherulites parallel 
to the flow lineation. Sometimes the cracks are open 
and form lenticular cavities with half spherulites on 
either side. Spherulites may also be accompanied 
by cracks in the glass immediately surrounding the 
spherulites. Generally these cracks start from the 
spherulite edge, especially from the point where two 
Figure 5.23: Spherulites with cavities and cracks 
(after: PIRSSON, 1910). 
spherulites intersect. Often the crack traces split and form a Y-junction. They may stop after 
a short distance or continue in a long concentric curve to the outer surface of several adjacent 
spherulites (Fig. 5.23). Cracks surrounding spherulites are also due to contraction of the cooling 
melt and exsolution of gas from the melt and/or liberation of gas by crystallisation of anhydrous 
minerals. However, gas liberated by crystallisation migrates to the crystallisation front of the grow-
ing spherulite fibres rather than into the spherulite interior to form cavities. A continued and 
repetitive accumulation of bubbles on the spherulites surface may give rise to lithophysal forms 
(BRYAN, 1934). 
The presence or absence of cavities within spherulites indicates different growth environments 
for spherulites. In the case where cavities are present, the volatiles involved in their growth accumu-
lated in the cavity with a subsequent (or simultaneous) growth of spherulites. Spherulites lacking 
cavities indicate a growth environment in which released volatiles were able to diffuse away from 
the growing spherulite through the melt leaving the spherulites embedded in a glassy (and maybe 
later devitrified) matrix. 
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5.6 Lithophysae and 'lips' 
5.6.1 Morphology 
Lithophysae13 are characterised by cavities organised in concentric layers divided by delicate par-
tition walls (Fig. 5.21 on page 78) which in turn commonly show the same spherulitic structure as 
the confining rim (Fig. 5.20 on page 78). The mineralogy of the lithophysae fibres is identical to 
that of typical spherulites described earlier, as is the chemical composition of the two in a given 
flow or dome (e.g., IDDINGS, 1887). 
Often the cavity walls are lined with tiny, well-developed crystals (see Section 5.6.3 on page 82). 
If prominent flow layering is present, it commonly runs right through the structure of the lithophysae 
and can be traced right through the partition walls forming a continuous layering pattern within the 
host rhyolite. However, exceptions do occur where the flow layering is wrapped around lithophysae, 
as though growing vesicles pushed the melt apart. Sometimes both relationships may be observed 
in close proximity which points to a formation close to the brittle-ductile transition of the melt 
(e.g., STEVENSON et at., 1994a). One cause of this apparent wrapping was explained by IDDINGS 
(1888) as an arching of flow layers which causes exsolved volatiles to accumulate beneath the fold 
and hence form of a cavity. 
As IDDINGS (1887) noticed, lithophysae are typically concentrated in the felsitic interior part of 
a rhyolite flow, such as the obsidian flow at Obsidian Cliff. The formation of lithophysae seems to 
prefer certain flow layers which are covered almost entirely by lithophysae over a considerable area. 
The size of lithophysae ranges from < 1 cm to > 30 cm, with the largest lithophysae being in the 
centre of the lithophysae-bearing flow or Dome section. 
5.6.2 Growth theories 
The formation of lithophysae, especially in respect to the concentric cavities, has been the subject 
of several theories which are summarised briefly below: 
(1) One group of theories regard the cavities in lithophysae as primary. The original concept 
by RICHTHOFEN (1860) involved the expansion of gas bubbles due to crystallisation of spherulites. 
The gas bubbles are unable to escape the viscous magma and force the walls of a cavity apart. 
Each successive bubble transfers a thin film of magma into the cavity producing concentric parti-
tion walls. Chemical reactions between released gases and crystallised spherulites cause solution, 
recrystallisation, and general rearrangement of the original material. WEISS (1877) suggested that 
cavities within lithophysae have the same role as solid particles (such as phenocrysts) in nucleating 
spherulites. He explained the chambers in spherulites as due to several gas bubbles being in close 
proximity during spherulite growth. Some proponents of this group of theories regard lithophysae 
as a variety of spherulite with cavities (e.g., WEISS, 1877; IDDINGS, 1887, 1888), whereas others 
regard both as distinct from each other (e.g., RICHTHOFEN, 1860; HAUER, 1886). TENNE (1885) 
found that both obsidian and lithophysae have the same chemical composition which led him to 
suggest that lithophysae are devitrified obsidian. 
l3The name lithophysae goes back to RICHTHOFEN (1860) being derived from )"dJo<;, a stone, and 'ljJv 17Ct , a bub-
ble. The lithophysal structure as such, however, has been observed earlier. SCROPE (1829), for instance, mentioned 
"spherulitic globules being irregular, generally hollow, and lined with minute crystals apparently of the same sub-
stance, ... " 
80 
5.6. LITHOPHYSAE AND 'LIPS' 
(2) A second group of theories involves a secondary origin. According to this group of theories 
the cavities are produced in solid spherulites by chemical decomposition and alteration subsequent 
to the solidification of the lavas (e.g., ZIRKEL, 1876). SZABO (1886), for instance, argued that bases 
are chemically removed from spherulites, insoluble particles are mechanically carried away and silica 
is concentrated in the cavities. This is very similar to COLE'S (1885, 1886) interpretation in which 
the chemical decomposition of spherulites is accompanied by the removal of material through cracks 
in the rock. 
Investigations on obsidians from Owen's Lake, Inyo County, California, and from Hrafntin-
nuhryggur, Iceland suggest that lithophysae formation involves gas pressure resulting from crys-
tallisation, as well as the reduction of hydrostatic pressure caused by shrinking of the magma during 
cooling in the central parts of a given flow (WRIGHT, 1915, 1916). Further evidence for lithophysae 
forming directly from a cooling magma is given by melt which flows partly in slightly collapsed 
lithophysae (e.g., IDDINGS, 1888; WRIGHT, 1915) forming ridges with the same characteristics as 
squeeze-in ridges in pull-apart structures (see Section 6.4.2 on page 99). 
With respect to these findings, the first stage of lithophysae growth seems to involve the libera-
tion of vapour from and plastic deformation of the melt to form the characteristic cavities, and has 
is primary in origin. Growth of spherulitic fibres, which enclose the cavities and which commonly 
constitute the partitioning walls of the chambers in the lithophysae, may also be primarily from the 
melt, or it may be due to devitrification after solidification of the melt, or possibly a combination of 
both. It is feasible that the beginning of spherulite growth occurred after the basic structure of the 
lithophysae, in terms of cavity size and chamber characteristics, was defined. A spherulitic growth 
during ongoing degassing and cavity growth (hence in the plastic melt state) would result in a con-
stant rearrangement and breakage of the already formed spherulite fibres. However, microscopic 
studies show non-disturbed fibre growths in spherulitic parts of lithophysae. 
In summary, one theory of lithophysae growth is based on the interaction of hydrostatic tension 
due to melt cooling and exsolution (or liberation) of vapours, either from the melt, or due to 
crystallisation of anhydrous minerals at more or less evenly spaced sites in the melt. In this 
way the basic structure, in terms of concentrically arranged cavities, is established which is then 
overprinted by spherulitic growth. Spherulitic growth may also occur contemporaneously with 
formation of cavities as one 'shell' is added to the previous one, starting with spherulite growth at 
a pre-existing vesicle or as a single spherulite. Volatiles released by crystallisation of the anhydrous 
minerals accumulate at the crystallisation front and eventually form a concentric cavity around the 
spherulitic structure. Continued spherulitic growth at the newly formed concentric cavity results 
in volatile release and possible formation of another concentric cavity at some distance from the 
previous cavity. Repetitions of this process may lead to large and complex lithophysae. Fractures 
due to cooling of the melt may facilitate the process, in conjunction with volatile release from the 
surrounding melt. This theory is similar to ideas by MOURANT (1934) and by HIBBARD (1995). 
The latter author suggested that non-porous spherulitic shells formed first and then were expanded 
along concentric planes where vapour phases concentrated.· He supports this idea by the presence 
of apparent wedging of the spherulitic shells. However, movement of the spherulitic shells due to 
expansion would result in local destruction of spherulite fibres-which is not evident in the examples 
studied. 
The gradual accumulation and coalescence of volatiles to form concentrically arranged cavities 
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also explains the fact that flow layering is preserved in its original orientation and runs through the 
entire lithophysal structure. 
5.6.3 Mineralisation in lithophysae 
The cavities of lithophysae are commonly lined with a variety of minerals. In many lithophysae-
bearing rhyolites fayalite, quartz, and tridymite seem to be ubiquitous, such as at Cerro de las 
Navajas, Mexico (ROSE, 1827), at Druim an Eidhne, Isle of Skye, Scotland (HARKER & CLOUGH, 
1904) and in various rhyolitic flows in Yellowstone National Park (e.g., IDDINGS, 1885, 1887). 
IDDINGS (1888) has reported sanidine and magnetite at Obsidian Cliff, Yellowstone National Park, 
the latter being also reported by SWANSON et al. (1989) from the Obsidian Dome, California. 
WRIGHT (1915) reported black mica in the obsidian from Hrafntinnuhryggur, Iceland. CROSS 
(1886) listed garnet (spessartine) and topaz in the Rhyolite Chalk Mountain, Colorado. HIBBARD 
(1995) found garnet at Garnet Hill, Eagan Range, Nevada. OTVOS (1961) identified hypersthene and 
amorphous silica at Kishegy Hill, Mitra Mountains, northern Hungary. WRIGHT (1916) described 
alunite and hyalite in some of the lithophysae in obsidians from California. 
The mineral assemblage may be complex as is seen in lithophysae from a rhyodacite flow, Baja 
California, Mexico. HAUSBACK (1987) gives the following crystallisation sequence of minerals in 
lithophysal cavities: (i) fayalite and thick laths of brown hornblende, (ii) a-quartz, (iii) acicular 
hematite, and (iv) tridymite, apatite, rare biotite and rare fibrous green hornblende. Similarly, 
lithophysae in the rhyolite from Ngongotaha Dome, Rotorua, are lined with minerals comprising 
different assemblages of tridymite, quartz, fayalite, mullite, osumulite, ferri-katophorite, edenite, 
ferri-edenite, augite, titanite, hematite, pseudo-brookite and phlogopite (GRAPES et at., 1993, 1994; 
HOWARD et at., 1995). The various mineral assemblages and their inferred crystallisation sequence 
are discussed in section 10.4.5 on page 230. 
Crystal sizes in lithophysae seem to be directly proportional to the size of the cavity, and where 
the lithophysae are interconnected a separation of minerals takes place with certain varieties being 
deposited in particular localities within the lithophysae-bearing flow/dome part (IDDINGS, 1888). 
The minerals are regarded as primary and were formed by sublimation or crystallisation from 
heated solutions and gases contemporaneous with the final consolidation of the melt (e.g., CROSS, 
1886). Such fluids/gases may be provided in a variety of ways: either they followed fractures 
associated with the cooling of the melt or migrated along flow planes. Late-stage melt squeeze-ups 
are also accompanied by migrating fluids/gases which may diffuse into lithophysae-bearing areas. 
5.6.4 'Lip' structures 
A structure similar in appearance to some cavity-bearing spherulites is the so-called 'lips' which 
represent open structures formed by gas pressure forcing cavity walls apart (Fig. 5.22 on page 78). 
In general, 'lips' are confined by planar or slightly curved sides whereby the two opposite walls 
appear to have been opened like the shells of mussels. This impression is supported by minute 
parallel ridges running across the walls at a high angle to the intersection of two walls resulting in 
mirror-like images. At least three walls or sides are necessary to form this structure which in 3D 
is comparable with the shape of a brazil nut, but those having four sides are also common. The 
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latter 'lip' form often shows a diamond-like cross section with slightly curved sides14 . However, 
besides these simple forms complex ones arise due to the coalescence of two or more adjacent 'lips'. 
Although their occurrence seems to be restricted to certain flow layers, their orientation (e.g., the 
long axis if not equidimensional) shows no consistent relation to the local flow direction. Like 
lithophysae, 'lips' occur only in the central part of a flow or dome but differ from them slightly in 
their mode of origin (as true openings due to gas pressure pushing viscous melt apart). Flow layers 
are deflected around 'lips' pointing to a formation in a plastically deformable melt. However, flow 
motion had already stopped since there is no indication of a wrapping of flow layers around the 'lips' 
as it is observed around rotated phenocrysts. Frequently, 'lips' are lined with the same minerals 
found in accompanying lithophysae (Fig. 5.22 on page 78). This fact and the same formation 
locale for 'lips' and lithophysae in a given flow/dome suggest a close relationship between the two 
structure, although they differ in the way cavities are formed. 
A similar 'lip'-like opening structure was described by WRIGHT (1915) in conjunction with 
lithophysae in obsidian from Hrafntinnuhryggur, Iceland. 
5.7 Devitrification or crystallisation from a melt? 
5.7.1 Spherulitic growths forms 
Comparing the experimental products of crystallisation from a melt (page 62) and the products of 
devitrification experiments (page 63), it is obvious that the spherulitic textures in both situations 
are very similar (LOFGREN, 1980). This poses a considerable problem when evaluating rock sections 
which are dominated by spherulitic growth forms. 
Primary origin 
Spherulites of primary origin grow at high temperatures close to and above the glass transi-
tion temperature, as was supported by rheology measurements of crystal-bearing melts in which 
small spherulites of 130-400 J-lm represented the crystal-fraction15 (LEJEUNE & RICHET, 1995). 
Spherulite formation close to but above the glass-transition temperature (Tg) was invoked for rhy-
olites from the Ben Lomond flow, TVZ (STEVENSON et at., 1994a) and from the Okataina Volcanic 
Centre, TVZ (STEVENSON et at., 1994b). According to RYAN & SAMMIS (1981) Tg represents 
the lowest temperature at which spherulites may grow in degassed rhyolites under near-surface 
conditions. 
In terms of structural relationships, spherulites with flow layers deflected around them indicate a 
growth before (local) flow cessation and, hence, primary crystallisation from the melt. Occasionally, 
trails of microlites defining a flow banding are seen to be deflected around spherulites, but in close 
proximity they run right through spherulites of identical appearance. This indicates spherulite 
formation was close to, and either side, of the glass-transition temperature. In the plastic state 
microlites were deflected by growing spherulites but soon after they were incorporated into the 
growing spherulite-probably below the glass-transition temperature. Cooling modelling shows 
that nucleation of the earliest spherulites did not commence immediately on undercooling, but 
14BRYAN (1954) described openings in spheroidal bodies (see his figs. 2 and 3) which closely resemble the diamond-
like cross sections of these 'lips'. 
15It is worthwhile adding, that the spherulites were present in the still liquid-although highly viscous-state, and 
they did not show any deformation after the viscosity measurement. 
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lags behind it by a considerable time period. Modelling the cooling of Obsidian Dome, California, 
MANLEY (1992) found the nucleation lag time to be on the order of 14 years, assuming a dome 
height of 50 m. STEVENSON et ai. (1994b) reported nucleation lag times in the same order for 
rhyolite flows of the Okataina Volcanic Centre, TVZ: 1-3 years for the upper obsidian layer and 
3-30 years for the crystalline rhyolite centre of the flow (the flows are 140-150 m thick). This large 
time frame contrasts with the very rapid growth rate of spherulites (on the order of 10-6 cm s-l) 
which amounts to just a few days for larger spherulites. 
Secondary origin 
As LOFGREN (1980) pointed out, one distinctive criterion for distinguishing between an origin by 
devitrification or by primary crystallisation is the relative position of the rock in question and any 
devitrification features such as a sharp devitrification front16 . Spherulite formation during devitri-
fication does not occur simultaneously throughout the phase but rather follows the devitrification 
front that moves inwards from a free surface such as a fracture. If present, the devitrification front 
is often rather diffuse and hard to detect. Furthermore, the nucleation density during devitrifica-
tion is higher (LOFGREN, 1980). At low degrees of undercooling (or high temperatures), however, 
numerous isolated n1J.clei occur resulting in open and coarse spherulites which are similar to those 
resulting from the cooling of a melt. 
Structural relationships in which flow layering, as defined by microlites for instance, run through 
spherulites suggest formation after local flow cessation and probably from the glassy state. This is 
further substantiated by the undisturbed flow orientation of microlites within spherulites which are 
not affected by diffusional processes involved in spherulitic growth (e.g., COOMBS, 1952). 
Spherulites radiating from perlitic cracks or other fractures which postdate the glass formation 
also indicate formation by devitrification. 
5.7.2 Poikilitic textures 
Poikilitic textures in which silica (most commonly quartz) encloses feldspar spherulites, microphe-
nocrysts, or microlites are common to both processes. Not uncommonly, the silica-phase is cristo-
balite and feldspar is represented by anorthoclase (e.g., SWANSON et ai., 1989), although AKIZUKI 
(1983) described sanidine in addition to anorthoclase. In the literature, poikilitic texture is fre-
quently referred to as snowflake texture and is a common feature of rhyolitic lava flows and welded 
ignimbrites17 (ANDERSON, 1969, 1970; GREEN, 1970; TORSKE, 1975). In terms of size there seems 
to be a continuous transition from the very fine-grained quartz and feldspar in the felsitic texture 
to large quartz patches (up to 3 mm in diameter) of the poikilitic texture. 
The origin of poikilitic [snowflake] texture as a devitrification product was suggested by GEI-
JER (1913), GREEN (1970) and LOFGREN (1971b). According to TORSKE (1975) the poikilitic 
[snowflake] texture is the result of phase separation of glass into alkali-rich and silica-rich do-
16The devitrification front separates a domain of complete crystallisation from a glassy domain with a few isolated 
spherulites ahead of the front. Such a front was found in run products at low Tip (LOFGREN, 1971b). More common, 
however, was a diffuse devitrification front with typically symmetrical bow-tie spherulites in random orientation. 
This 100-500 p,m wide diffusive front marks a gradual transition from glass to crystalline material, showing a steady 
increase in the number of sheaves toward the crystalline domain. Devitrification front is defined as that area in which 
nuclei are first visible, since nucleation of crystalline centres is more important than their subsequent growth. 
17 ANDERSON (1969) regarded the snowflake texture as typical for welded ash-flow tuffs, but this texture does occur 
in rhyolitic flows (e.g., GREEN, 1970). 
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mains18 with subsequent crystallisation. Since he also used the term glass for undercooled liquids 
above the glass-transition temperature, it is not clear whether the process of phase separation, as 
an expression of metastable immiscibility, occurs in the glassy state or the still (undercooled) liquid 
melt state. Phase separation in glass results in an interconnected, fine intergrowth of aluminous 
and siliceous glass which may control the distribution pattern of possible later crystalline phases 
and hence, the microgranophyric texture. This, however, is not true for crystallisation directly from 
the melt, since feldspars crystallise before the phase separation temperature is reached (LOFGREN, 
1980). 
Structural and spatial relationships can be used to infer the primary or secondary origin of 
the poikilitic or felsitic texture. In rocks showing poikilitic/felsitic textures in the interstices of 
spherulites, which otherwise dominate the rock, these textures clearly formed after the spherulites 
and are due to devitrification. This is supported by similar spherulite-rich lithologies in close 
proximity in which the interstices are still glassy-or even show a beginning of devitrification to 
poikilitic/felsitic textures. A similar origin by devitrification was suggested by MILNER et al. 
(1992) for interstitial quartz and alkali feldspar between spherulites. Also, devitrification exper-
iments by LOFGREN (1971b, see section 5.3 on page 63) showed the so-called felsitic/poikilitic 
[granitic/ granophyric] stage of devitrification to be after the spherulitic stage and to require con-
siderable time. 
The crystalline rhyolite often found in the centre ofrhyoliteflows/domes shows a texture ranging 
from felsitic to poikilitic. Since the central part of a flow/dome may remain for several years close 
to the eruption temperature, and since it cools down slowly with time, a primary glassy structure is 
not produced. However, neither does it result in the growth of large phenocrysts. Measured growth 
rates for feldspars in granitic systems are in the range from 3 . 10-6 cm s-l (ca. 3 mm d-1) to 
1.10-10 cm s-l (ca. 1 mm yr-\ SWANSON, 1977). The kinetics of nucleation and growth rate of 
the crystals indicate that the texture of crystalline rhyolites in the centre of rhyolite flows/domes 
is due to large undercoolings which produce a large number of nucleation sites with small crystals. 
5.8 Crystal size distribution 
Macroscopically, volcanic rocks often give an impression of bimodality in crystal size which, however, 
commonly turns out to be non-bimodal when accurately measured. Such measurements provide a 
means to quantify petrography and to link petrography to crystallisation kinetics. 
The CSD theory allows nucleation and growth rates of crystalline phases in melts to be quanti-
tatively determined. The empirical CSD theory was largely developed by chemical engineers (e.g., 
RANDOLPH & LARSON, 1988). CASHMAN & FERRY (1988), CASHMAN & MARSH (1988), and 
MARSH (1988) applied the method to the study of igneous rocks and calculated crystal nucleation 
and growth rates of several mineral phases from volcanic rocks. An advantage of the CSD theory is 
its independence from the classical kinetic growth theory, so that one can understand the kinetics 
of crystallisation without a comprehensive knowledge of the kinetic theory. 
Crystal size represents, perhaps, the most characteristic scale or parameter of igneous and 
metamorphic rocks. It depends on mean growth rate and residence time. A wide range of crystal 
sizes and abundances in a rock may reflect a steady process of nucleation and growth. CSD curves 
18See footnote 8 on page 70. 
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of volcanic rocks tend to be smooth and show linear trends (using a logarithmic scale) with negative 
slopes. Such linear relationships give quantitative information on nucleation rate, nucleation density, 
and crystal growth rate. Furthermore, it is possible to measure the gain or loss of crystals over a 
particular size range and to deduce the governing physical process such as crystal accumulation, 
fractionation, and annealing (MARSH, 1988). 
5.8.1 Theory of crystal-size distribution 
Population density and balance 
The following is a very brief discussion of the 
CSD theory; a full discussion is given in MARSH 
(1988). The CSD theory is based on a mathemat-
ical expression describing the change in numbers 
:3' 
and size of crystals as a function of their resi- c 
dence times in the magmatic system as well as 
crystal loss from the system. This equation gives 
a semi-logarithmic graph of cumulative number of (a) 
crystals, N, per size range as a function of their 
L(size)~ 
dN 
dL =n 
(b) L (size)------+ 
representative crystal size, L (Fig. 5.24): Figure 5.24: Schematic graphs showing (a) number of 
crystals vs. size, and (b) cumulative number of crystals 
N(L) = foL n(L) dL (5.3) vs. size. 
(L) = dN(L) n dL (5.4) 
where N is the total number of crystals of a size less than L, L is some characteristic crystal size, 
and the population density, n, equals the number of crystals in a given size class per unit volume. 
Population density is exponentially related to the crystal size and, for a steady state system, it may 
be assumed as: 
(5.5) 
where nO represents the population density of nucleus-size crystals (n for L -+ 0) and {} is the 
effective residence or growth time. In a semi-logarithmic plot of n VB. L this results in a straight 
line with slope -l/G{} and intercept nO (Fig. 5.25). If either the growth time or the growth rate 
is known, the other can be determined. 
Considering Eq. 5.4, the definition of nucleation density, n, and nucleation rate, J are 
(RANDOLPH & LARSON, 1988): 
o dNI n --
- dL L=O 
J- dNI 
- dt L=O (5.6) 
Applying the chain rule of differentiation, Eq. 5.6 becomes: 
(5.7) 
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or, in words, the nucleation rate is simply the product of nucleation density and growth rate. 
Both nucleation and growth rate depend on the degree of undercooling or supersaturation which 
may be expressed by a power-law (RANDOLPH & LARSON, 1988). Modification and substitution of 
the single equations for the nucleation rate (J = Kl~Ta) and growth rate (G = K2~Tb) results 
in the expression: 
log nO = log K3 + (~ - 1) log G 
In (rfJ) 
(a) 
E-
O> 
.Q 
(5.8) 
(b) 
log (G) -----+ 
where Kl ... K3 are rate constants and a and 
b are the kinetic orders of the respective reac- . 
tions for nucleation rate and growth rate. A 
log-log plot of nO vs. G will give a straight 
line with log K3 as its intercept and (alb - 1) 
as its slope (Fig. 5.25b). The unknown rate 
constant and kinetic order may be found if ei-
ther log(K1 ) or log(K2) and log(a) or log(b) are 
known. KIRKPATRICK et al. (1976) experimen-
tally derived the following values for plagioclases, 
K2 ::::= 3.513.10-6 and b ::::= 1.593 (c.g.s. units and 
Figure 5.25: Interpretation of CSD curves (see text for 
discussion) . 
o C), respectively. 
Characteristics of the CSD function 
From the properties of the population density any common statistical measure of the function n(L) 
may be found, especially the moments, mi, of n(L) and the moment number densities, m~. These 
are specific moments since they are on a 'per volume' basis. The moments of the population dis-
tribution may be used to calculate the total number of crystals (zeroeth moment), total length of 
crystals (1st moment), total area of crystals (2nd moment) and total mass of crystals (3rd mo-
ment; see MARSH, 1988). The number densities of each moment show a maximum distribution as 
a function of L. These maxima represent a dominant crystal size on a length-weighted basis, on 
an area-weighted basis, or on a mass-weighted basis. Thus, the average size of a given population 
of crystals is determined by the effective residence or growth time at a particular state of super-
saturation, and by the kinetics of the system (CASHMAN & MARSH, 1988). In practical terms, the 
dominant crystal size has the greatest potential to change the composition of the magma due to 
crystal fractionation. 
Between the dominant crystal size and the nucleation density there is an inverse proportional 
relationship. Thus, to preserve the mass of suspended solids an increase in nucleation density is 
matched by a decrease in the average crystal size. Small changes in the dominant crystal size 
reflect significantly greater changes in nucleation density. Furthermore, the nucleation density can 
be related to the residence time by the following expression: 
o 4(1-i) 
n2 = (1)2) 3+i 
n~ 1)1 (5.9) 
where i is a measure of nucleation density as a function of undercooling. The following cases result: 
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• i = 1: The size distributions are independent of residence time and degree of undercooling . 
., i > 1: Nucleation density increases with saturation, which reflects decreasing residence time 
and causes a decrease in the dominant size. G also increases, but more slowly with increasing 
undercooling resulting in a smaller crystal size at higher degrees of undercooling. 
• i < 1: Nucleation density increases with decreasing supersaturation and crystal sizes increases 
with increasing supersaturation. 
• i = 0: Nucleation density is proportional to residence time and both are inversely proportional 
to the dominant crystal size. 
For geologic systems (i > 1), CASHMAN & MARSH (1988) found that plagioclases in basalt have 
i ~ 3.70. 
Modifications of the CSD by physical processes 
Crystal fractionation, accumulation and nuclei destruction 
The effects of crystal fractionation, accumulation 
and nuclei destruction on the CSD curve are illus-
trated in Fig. 5.26. In summary, the effect of the 
fractionation of crystals by settling will be a down-
ward (B) deflection and narrowing of the original 
CSD curve (A), while an accumulation of crystals 
broadens and deflects the CSD curve upward (C and 
D) (Fig. 5.26a). Without additional information, in-
terpretation of a curve might, however, be ambigu-
ous. The upward concave curve form (C and D) as-
cribed to accumulation may also reflect a non-linear 
growth law, or perhaps magma mingling (MARSH, 
1988). In Fig. 5.26b the original CSD curve (A) is 
D 
(a) 
aCCUmUlation 
C 
A 
L -----+ 
Figure 5.26: Influence of physical processes in 
magma systems on the form of CSD curves (see 
text for discussion). 
modified by a loss of large crystals (B), by destruction of nuclei (C) and by a combination of nuclei 
destruction and loss of only the largest crystals (D). The kinked lines are representative of natural 
systems. 
Increase of nucleation rate 
Sudden cooling during magma eruption increases the degree of undercooling and increases the 
nucleation rate. If the system does not have time to re-equilibrate, the CSD curve may have a much 
steeper slope at small L's, and may look like a curve for nuclei destruction. 
5.8.2 Discussion and applications 
It is interesting to note, that the average phenocryst size in volcanic rocks is of the same order 
(rv 0.5-5 mm; CASHMAN & MARSH, 1988) which may point to a characteristic feature of magmatic 
crystallization, namely that the product G . {) is approximately constant. In most of the basic 
magmatic systems the growth rate and growth times do not vary more than an order of magnitude, 
even under different cooling-crystallization conditions (e.g., lava lake VS. intrusion). CASHMAN & 
MARSH (1988) suggested that the cooling rate (and hence residence time) rather than the growth 
rate is the dominant factor controlling the overall rock texture. 
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RESMINI & MARSH (1995) discussed the following situation: a volcanic system comprising 
multiple flows and a magma chamber begins to solidify right after its emplacement. Each of the 
successive lava flows is characterized by a certain residence time which can be measured. In the 
sequence of successive flows each subsequent flow spent more time in the magma chamber and hence 
the residence time and crystallinity increases with time. Fig. 5.27 demonstrates such a hypothetical 
sequence of comagmatic lava flows from a magma chamber which experienced one filling event and 
multiple eruptions. Assuming constant crystal growth rates the CSD's of successive flows should 
indicate larger residence times. 
Application of the CSD theory to volcanics has been 
done almost exclusively for basic rocks. For instance, 
CASHMAN & MARSH (1988) studied CSD of plagio-
clase, ilmenite and magnetite in basalts at Makaopuhi 
lava lake, Hawaii, and RESMINI & MARSH (1995) ap-
plied the CSD theory to plagioclases in a basic lava 
sequence at Dome Mountain, SW Nevada. HIGGINS 
(1996a) used CSD of plagioclases in andesitic lavas from 
Mt. Taranaki, New Zealand, to infer residence times. 
Rocks of dacitic composition were subject to CSD 
studies by CASHMAN (1988, 1992) who studied pla-
gioclase microlites in the Mount St. Helens dacite 
and by HIGGINS (1996b) who compared microlite 
and megacryst CSD in dacites from Kameni Volcano, 
Dlrecflon of Increasing 
residence time 
top 
bottom 
Flowf 
Flowe 
Flowd 
Flowe 
Flowb 
Flow a 
Figure 5.27: Relationship between a hypothet-
ical sequence of lava flows showing progres-
sively longer residence times (after: RES MINI & 
MARSH, 1995). 
Thera, Greece. No application of CSD to rhyolites has been found in the literature. 
5.9 Summary 
Crystallisation processes in both (undercooled) liquids and glasses are influenced by physico-
chemical parameters such as T, p, composition, and diffusion rate. These determine the ability of 
the magma to form nuclei which, when stable, grow to form crystals. Crystal growth is primarily 
controlled by the rate of surface processes and has a maximum rate somewhere below the liquidus 
temperature. The texture of rocks is mainly controlled by the kinetics of nucleation and growth of 
crystals, e.g., by the interplay between nucleation rate and growth rate. 
Crystallisation experiments in melts show that for feldspars there exists a strong correlation 
between crystal shape and cooling rate or degree of undercooling, as well as, to a minor degree, 
composition. With increasing ~T, crystal shapes change from tabular to elongate skeletal to 
dendritic and finally to spherulitic. A similar dependence has been found for olivines, and to a 
lesser extent, for pyroxenes. 
Devitrification describes the crystallisation process of glasses which may be facilitated by an 
accompanying hydration. Devitrification experiments allow the identification of three basic 
stages: glassy, spherulitic, and felsitic/poikilitic [granitic/granophyric] stage. Devitrification and 
crystallisation from a melt differ primarily in the time and temperature factors involved. 
Microlites are frequently found in glassy volcanics and their presence indicates an early volatile 
loss from the magmatic system. Most authors agree that microlites form in the vent area during 
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magma ascent due to vapour-phase evolution and magma degassing. However, microlites may also 
form during flow on the surface. Field observations to determine the presence/absence of microlites 
in tephra, in obsidian clasts in tephra, and in the obsidian of flows/domes, as well as the mineralogy 
of the microlites are essential to evaluate the onset of their formation. Microlite shapes can be used 
as a further criterion to evaluate their formation environment. A variety of minerals have been 
found to form microlites, with pyroxenes, feldspars, and opaques the most common mineral phases. 
The morphology of spherulitic growth forms and the spherulite fibre diameter depend on 
the degree of undercooling. Commonly a silica polymorph and one or two feldspars constitute 
spherulites, although other minerals have been found. With the aid of spherulite growth theory, 
fibre thickness can be related to the ratio of growth rate and diffusion rate. Because the fibres in 
spherulites have a characteristic thickness, the growth of spherulites requires non-crystallographic 
small-angle branching of the fibres. 
The association of cavities with spherulites points to formation in the still plastic melt state 
in which the cavities result from exsolution of gas from the melt and liberation of gas due to crys-
tallisation of the anhydrous minerals composing the spherulites. The interplay between these two 
factors, plus hydrotensional cracks due to magma cooling, is important in the formation of litho-
physae which are composed of concentrically arranged cavities separated by delicate partitioning 
walls. The mineralogy of spherulite growths associated with lithophysae is identical to that of the 
ordinary spherulites. 
Another open form, sometimes present in rhyolite flows/domes, are the so-called 'lips' which 
represent a simple and continued opening of gas cavities. Opposite walls of the 'lips' are charac-
terised by mirror-like orientations of parallel ridges. Lithophysae and 'lip'-structures are commonly 
lined with the same mineral assemblages which, in conjunction with their common spatial relation-
ship, suggests a closely related formation history. 
The theory of crystal-size distribution (CSD) allows a quantitative determination of nu-
cleation and growth rates of crystalline phases in melts. It is also used to infer residence times 
of crystalline phases in the magma chamber. Furthermore, the form of CSD curves may give in-
formation about the crystallisation processes, such as crystal fractionation, accumulation, nuclei 
destruction, or a combination of these processes. 
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Chapter 6 
Small-scale flow features 
6 .1 Introduction 
In general, highly viscous lava flows are characterised by flow textures and structures which often 
allow one to determine the flow direction, either precisely or approximately. These features, include 
flow foliation, lineation and deformation structures, developed in response to non-coaxial shear. 
Solid particles in lava flows include crystals (microlites, microphenocrysts, phenocrysts, xenocrysts), 
xenoliths, enclaves, and devitrified clasts. Foliation in volcanic rocks is very similar to foliation in 
metamorphic rocks (e.g., VERNON, 1987) and to deformation structures that result from non-coaxial 
flow (e.g., BLUMENFELD & BOUCHEZ, 1988). In this chapter structures indicative of flow movement 
and flow sense are described and evaluated for their potential use in determining the emplacement 
history of volcanic edifices. 
The following terminology IS (e.g., CLOOS, 
1946; ELSTON & SMITH, 1970; SMITH & 
RHODES, 1972; PASSCHIER & TROUW, 1996) is 
used throughout this thesis (Fig. 6.1). Flow fo-
liation describes any planar feature that occurs 
penetratively over a certain distance in a rock 
body. It is defined by either (i) a spatial vari-
ation in mineral composition or grain size, (ii) 
a preferred orientation of elongate or platy solid 
particles, or (iii) a combination of both. Flow fo-
liation is frequently used synonymously with flow 
layering, especially if both are parallel to each 
Figure 6.1: Schematic relationship between flow layer-
ing (here defined by crystal-rich and crystal-poor lay-
ers). flow foliation (here defined by preferred orientation 
of crystals). and flow lineation (here defined by traces 
of parallel aligned crystals on the flow layer surface). 
other. However, flow foliation and flow layering may form at an angle to each other, for instance 
when elongated particles of more or less uniform size are rotated to the same extent during flowage 
(Fig. 6.1). Flow lineation describes any linear feature that occurs penetratively over a certain 
distance in a rock body and which indicates a preferred orientation of microscopic and macroscopic 
components in volcanic rocks which results from primary flow. Flow direction describes the over-
all flow pattern of the entire flow or a large section of it which, however, is not necessarily identical 
with the local flow direction which indicates the absolute direction of movement at any point in a 
flow. 
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6.2 Flow layering in general 
Rhyolite lava flows are commonly marked by a prominent flow layering, the origin of which may be 
different from flow to flow. Macroscopically, layering is expressed as differently coloured bands of 
various thickness (just under a millimetre to a few centimetres) and/or as simple partings between 
individual flow layers (e.g., CHRISTIANSEN & LIPMAN, 1966; HENRY et al., 1990). Under the 
microscope the appearance of flow layers may vary widely and may be expressed as: 
.. a marked contrast in microlite concentration in adjacent layers (microlite-poor vs. microlite-
rich layers; e.g., COLE, 1966; STEVENSON et al., 1993, 1994b; FINK, 1983); 
• a different mineralogy in individual layers (e.g., disseminated hematite and aegirine crystals 
defining flow banding; STEVENSON et al., 1993); 
It a difference in average phenocryst size (e.g., CHRISTIANSEN & LIPMAN, 1966); 
• a concentration difference in tiny and usually flattened (in the plane of flow) vesicles. The size 
and abundance of vesicles influence the colour (e.g., PHILIPP, 1936; SCHWAB, 1968; LONEY, 
1968); 
.. differences in the degree of crystallisation (e.g., BROUWER, 1936; HENRY, et al., 1990) and/or 
devitrification in adjacent sheets, i.e., spherulites or lithophysae tend to be concentrated along 
certain flow planes (e.g., CHRISTIANSEN & LIPMAN, 1966); and 
.. differences in chemical composition or different Fe2+ /Fe3+ ratios, possibly also marked by 
colour differences. 
The thickness of individual flow layers depends on the total strain, on the flow velocity as well 
as on the viscosity, the faster the flow (or at least a part of it) the thinner the individual layers 
(SCHWAB, 1968). 
6.2.1 Origin of flow layering 
There are two main types of flow layering in a flow or dome: (i) parallel to the flow direction and, 
hence, a plane of shearing, and (ii) a plane of flattening which could be oblique to a plane of shearing 
(CHRISTIANSEN & LIPMAN, 1966). The first type is due to non-coaxial deformation, whereas the 
second type is due to coaxial deformation. Both types can be distinguished using the symmetries 
of the textures and structures (FERNANDEZ & LAPORTE, 1991). 
Many authors (e.g., CHRISTIANSEN & LIPMAN, 1966; MAYO, 1944) suggest that flow lamination 
develops in the conduit during magma ascent at uniformly high temperatures and pressures. This 
may be because magma differentiation has occurred in a subjacent chamber where the layers are 
marked by differences in chemical composition (e.g., two magmas, different iron ratio) and/or micro-
lite content and/or degree of vesicularity. This initial layering may, during flow of the layers through 
the confines of the conduit, be enhanced and overprinted by a different degree of crystallinity, sec-
ondary vesiculation and devitrification processes (e.g., growth of spherulites or lithophysae along 
preferred layers or shear planes). Also, the motion of flow may be transferred from many, closely 
spaced flow planes to more restricted, wider spaced shear zones, which will probably also act as 
preferred channels for heat and volatile transfer. An intense foliation is not restricted to the vent 
area, but tends to occur in all parts of the flow where a restriction to free flow is imposed, such as 
flowage through the vent and along flow margins where large changes in velocity occur. 
Shear stresses along the conduit walls result in steep, almost vertical layering in the vent area. 
In the distal parts of the rhyolite flow the layering is almost horizontal at the base but becomes 
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more steeply inclined upwards. Rotation of flow layering from near vertical to near horizontal is 
restricted to flow parts which are capable of plastic deformation. The crust of rhyolite flows, which 
is characterised by brittle deformation, commonly retains the original vertical flow layering. 
Flow layering in rhyolite lava flows dips in general towards the vent, and its strike is broadly 
arcuate around the vent. Flow direction and flow orientation are sensitive to underlying morphology, 
especially in distal flow parts. However, measuring and mapping flow structures gives a good 
overview of flow movement and possible vent area(s) and may even give detailed pictures of flow 
irregularities that result from the underlying topography. 
6.2.2 Statistics of flow lineation 
SMITH & RHODES (1972) and ELSTON & SMITH (1970) have described the so-called "flow direction 
technique" to determine the direction of flow movement and to locate eruption centres of lava flows. 
These authors found a statistically stronger and more significant data set in lava flows than in ash-
flow tuffs. Statistical methods include the Vector method and the Tukey Chi-square test. 
The Vector method indicates the direction of a flow lineation (as vector mean) and the strength of 
a preferred orientation (as vector magnitude). Vector magnitude is a measure of dispersion about 
the vector mean on a scale from 0 (= random orientation) to 1 (= perfect orientation). Thus, this 
method indicates the degree of preferred orientation, whereas the Tukey Chi-square test indicates 
a certain probability that a preferred orientation exists. The Tukey Chi-square test is based on the 
departure of measured distribution data from a completely random distribution. The direction of 
flow lineation (as Chi-square orientation) and the probability against isotropy (as Chi-square value) 
is determined by this method. 
Determining the flow lineation (at macroscopic or microscopic level) leaves just two possibilities 
for the flow azimuth or local flow direction. The above authors tested a variety of textures in 
ash-flow tuffs to determine the flow direction and stated their reliabilities as flow indicators. The 
following criteria have a reliability greater than 50%: 
It blocking effect: as high as 90% in favourable sections, with faster moving smaller particles 
tending to pile up on one side of larger and slower moving particles; thus, pointing towards 
the vent; 
It imbrication or shingle effect: 80% in appropriate sections (see page 97); 
It spindle-shaped objects: 68.2%; the blunt end of spindle-shaped objects point toward the source 
and the tapered end away from it; and 
• eddy effect: small eddy currents on the leeward side of large phenocrysts (CUMMINGS, 1964). 
6.2.3 Flow lines 
Flow lines are often seen on flow layer surfaces which are exposed due to sheet joints (see Section 
7.1.1 on page 106) along these planes of inhomogeneity. These flow lines restrict the possible flow 
direction within the flow plane to two directions, provid~d suitable markers are present. Such 
markers consist of chains of elongated vesicles stretched in the flow direction or sets of parallel 
grooves caused by scouring of a viscous matrix by particles unable to rotate. 
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6.2.4 Microshear zones 
Studies in dikes reveal microshear zones comprising a con-
jugate pair bisected by a plane of crystal alignment (SHELLEY, 
1985; SMITH et al., 1993a). This microshear zone can be 
recognised by disruption of aligned elongated p~rticles, such 
as microlites, microphenocrysts or even phenocrysts, in which 
these particles are oriented oblique to both the general direc-
tion of crystal alignment and the trend of shear zones (SMITH 
et al., 1993b). In microshear zones, elongate particles are 
aligned oblique to this zone in an en echelon arrangement. 
Near the edges of a microshear zone the particle orientation 
is intermediate between those outside and inside the zone. 
Figure 6.2: Microshear zone indicated 
by oblique orientation of groundmass 
( micro-)phenocrysts. 
SHELLEY (1985) pointed out that feldspar crystals in dikes of the Lyttelton Volcano, Banks Penin-
sula, are not always deformed by shear but often overgrow a shear zone. This indicates a formation 
of microshear structures prior to complete crystallisation and solidification. BERNAUER (1938) de-
scribed microshea:r; zones in phonolite from Ortenberg, Germany, in which feldspar phenocrysts are 
oriented oblique (consistently at about 60°) to the layering plane of groundmass phenocrysts (Fig. 
6.2). 
Formation of micros hear zones may be attributed to VISCOUS shearing, to 'magma pressure 
flattening' (SMITH et al., 1993a) or to a combination of both. 
6.2.5 Folds 
Frequently flow layers are folded on a scale ranging from 
millimetres to several metres. Crystallites, microlites and 
vesicles tend to be aligned approximately parallel to the ax-
ial surface of folds and, hence, reflect the involved strain 
(BENSON & KITTLEMAN, 1968; VERNON, 1987). The rel-
ative rotation sense of solid particles may remain constant 
around a fold (Fig. 6.3). Thus, folds may preserve pre-folding 
strain, and shear sense around rigid particles can be used as 
an indicator for the local flow direction. 
By analysing folds in lava flows it is possible to reconstruct 
the three-dimensional strain and displacement field during 
flow emplacement. Two types of folding processes have been 
Figure 6.3: Orientation of microlites and 
described in lavas: (i) asymmetric isoclinal recumbent vesicles in relation to folds and consistent 
folds and (ii) upright folds. The first type is a product of shear sense of phenocrysts on both sides 
lateral lava movement away from the vent causing significant of the fold hinge (after VERNON, 1987). 
shearing, particularly near the flow base (CHRISTIANSEN & 
LIPMAN, 1966). The second type is produced by lateral shortening as the lava flows away from 
the vent, and is found especially near the flow top (e.g., DRAGONI et al., 1992). BONNICHSEN & 
KAUFFMAN (1987) have described folds transitional between recumbent and upright folds. 
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Asymmetric isoclinal recumbent folds may also result from lat-
eralextensionnear the vent area near the flow top. This is due to 
gravity spreading which causes an overturning of the banding from 
steeply dipping to ventwards dipping. As the lava flows away from 
the vent (from the lateral-extensional to the lateral-shortening area) 
the recumbent folds are rotated and distorted (SMITH & HOUSTON, 
1994). Fig. 6.4 shows that the angles between the banding and ax-
ial plane surfaces change. The angle is approximately 90° near the 
vent but decreases towards zero near the flow front. These two flow 
regions also differ in the way strain is accumulated. The near vent 
area is governed by a coaxial flow, and displacement of the flow will 
be down and outward. A way from the vent a simple shear results 
in displacement that is parallel to the flow base. 
6.3 Effect of solid particles 
6.3.1 Rotation of solid particles 
Flow layers are generally deflected around solid particles 
(e.g., phenocrysts, xenocrysts, devitrified clasts, etc.), if present. 
Non-coaxial strain in the groundmass causes layers to develop 
into two asymmetric microfolds around larger particles, and re-
flect the sense of rotation (VERNON, 1987). Fig. 6.5 depicts a 
dextral shear sense in which flow layers are crowded together at 
the top left and bottom right of the phenocryst (compression) 
and are separated in the two remaining quadrants (extension). 
6.3. EFFECT OF SOLID PARTICLES 
coaxial (pure shear) simple shear 
In near vent area In main body 
displacement field of flow 
Figure 6.4: Orientation in flow 
folds in different flow parts (after 
SMITH & HOUSTON, 1994 
At the top and bottom of the phenocryst flow layering is simply Figure 6.5: Clockwise (or dextral) ro-
deflected. The sense of relative rotation of the phenocryst is in- tation of a phenocryst relative to flow 
layering. dicated by small arrows (direction of closure of the microfolds), 
whereas the overall shear sense is given by arrows at the top 
and bottom of the figure. With increasing strain rate the microfolds become increasingly wrapped 
around the phenocrysts. In the case of very strong deformation, flow layers tend to lose continuity 
adjacent to the ends of the phenocryst that are approximately parallel to the overall flow layering 
(VERNON,1987). In thin sections parallel to flow lineation and perpendicular to the flow plane the 
shear sense of solid particles may, therefore, provide a good indication of the local flow direction. 
Relative rotation of solid particles is governed by a stronger resistance to flow on one side of 
the particles. Assuming a preferential flow of the top flow layers in Fig. 6.5 the upper arrow would 
point in flow direction. On the other hand if we consider a solidified crust at the flow top the lower 
arrow points in the flow direction. However, complexities arise, for instance, from differential flow 
rates of internal shear zones. 
The rate of rotation will depend on melt viscosity and the physical connection of the melt with 
the rotating object (LISTER & WILLIAMS, 1983). As the melt attempts to flow past a solid particle 
it is prevented from doing so because of drag imposed by a bonding between atoms in the melt and 
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the particle. This results in a relative rotation between particle and melt. The amount of relative 
rotation appears to be small judging from the small-scale microfolds generally observed, which sug-
gests the structures observed relate only to a small part of the flow history. However, one has to 
consider the often angular, elongate shape of phenocrysts in lavas which may suppress extensive ro-
tation compared to the often equi-dimensional shapes (e.g., garnet porphyroblasts) in metamorphic 
rocks. These microstructures are very similar to microfolds and compression/separation of matrix 
foliation adjacent to apparently rotated porphyroblasts in metamorphic rocks that have undergone 
non-coaxial strain (SIMPSON & SCHMID, 1983), and they resemble the 8-type porphyroclast systems 
of PASSCHIER & SIMPSON (1986). 
6.3.2 Crystal shape-preferred orientation 
Simple shear deformation of a magma results in rotation and relative translation of early-formed 
crystals which are embedded in the viscous matrix within which strain concentrates. If this deforma-
tion is followed by static crystallisation the linear shape-preferred orientation (SPO) of phenocrysts 
preserves the deformation process. The angle, a, between the preferred orientation of phenocrysts 
and the shear plane (possibly the plane of flow layering) can be used as a shear sense indicator 
(JOHNSON & POLLARD, 1973; SHELLEY, 1985; SMITH et al., 1993a). Studies on rotation of parti-
cles with different shapes in a viscous matrix (e.g., FERGUSON, 1979) show that the rotation rate 
of a particle is a function of its shape and of the length/width ratio, n: 
[ 
1 + n2] 
w = r 1 + 1- n 2 cos, 
a, = 0.5 &(1 + acos,) 
where w = angular velocity, r = rigid body rotation 
rate, , = angle between the long axis of the marker 
and the perpendicular axis to the shear direction in the 
deformation plane, E = shear strain , and a = a con-
stant depending on the shape of the marker (VENTURA 
et al., 1996). Depending on the rotation rate, differ-
ent length/width ratios, n, will lead to different SPO's. 
Particles with a low n rotate more rapidly towards the 
shear plane (i.e., , = 0) than particles with a higher 
n. A diagram of shear strain, E, VB. angle, (Fig. 6.6) 
shows that for particles with a constant n, the angle 
, decreases with increasing shear strain. For particles 
with a constant length/width ratio, positive values for 
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Figure 6.6: Calculated rotation angle, "t, VS. 
shear strain, E, for different populations of parti-
cles with different length/width ratios, n (after 
BLUMENFELD & BOUCHEZ, 1988). 
, are generally consistent with a left-lateral sense of shear whereas negative values indicate right-
lateral shear and a higher strain rate (VENTURA et al., 1996). Hence, the sign of angle, gives the 
rotation sense of the particles as well as the shear sense. 
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6.3.3 Imbrication of solid particles 
Imbrication describes the partial superimposition of two 
or more crystals due to rotation and resembles the orientation 
of roof tiles. It is a result of progressive flow deformation 
during which crystals rotate around their centres in such a 
way that their maximum elongation is aligned in the shear 
direction (Fig. 6.7; HIGGINS 1991). This effect occurs at high 
dextral 
6.4. OPENING STRUCTURES 
sinistral 
particle concentrations where a free rotation of the particles Figure 6.1: Imbrication structure of 
elongated solid particles. The appropri-
is inhibited because particles hit each other (see discussion ate shear senses are indicated. 
in HIGGINS, 1991). In sections parallel to flow lineation and 
perpendicular to flow layering imbrication is useful for determining the flow direction. 
6.4 Opening structures 
6.4.1 En echelon crack arrays 
Opening structures, aligned in en echelon-like fashion across flow layers are sometimes present(e.g., 
LONEY, 1968; BONNICHSEN & KAUFFMAN, 1987). In the literature these structures are referred to 
as tensile, dilatant, or extensional fractures, or tension gashes (e.g., RIEDEL, 1929; CLOOS, 1955; 
WILSON & COSGROVE, 1982), or in the case of secondary filling en echelon (sigmoidal) vein arrays 
(e.g., SMITH, 1996a, 1996b). Such opening structures occur in a great variety of rock types resulting 
in a number of different theories regarding their origin. General features and their terminology are 
dependent on the origin of the structure. 
Initially en echelon arrays 
were attributed to shear defor-
mation as can be seen in exper-
iments by RIEDEL (1929) and 
CLOOS (1955). In such exper-
iments an applied shear mo-
tion results in tension gashes 
( "Fiederspalten" 1) oriented at 
~45° to the shear direction 
(Fig. 6.8a). Tension array 
¢~ c ... ...... \J ~ault" (a;-U~~~~~ 
Figure 6.8: (a) Experimental production of tension fractures having a con-
stant angle of 45° to the shear plane. (b) Orientation of applied shear stress 
and resulting compressional and tensional components (after WILSON & 
COSGROVE, 1982). For further explanation refer to the text. 
structures are described by the tension fracture length, L, the separation, S, and the angle, a, 
between array margin and tension fracture (OLSON & POLLARD, 1991). To prevent internal rota-
tion the shear stresses (Cs) must be balanced by an induced equal and opposite shearing couple 
( C). Therefore, the shear stress can be resolved into a compressional component (P max) in one 
direction and a relative tensional component (Pmin ) at right angles to it (see Fig. 6.8b; WILSON & 
COSGROVE, 1982). 
Due to finite rotation in the deformation zone the central portions of the tension gashes rotate 
through an angle w while continued propagation at fracture tips maintains an angle of ~45° with 
the array margin. This rotation results in a characteristic sigmoidal fracture shape or so-called 
IGerman terms as proposed by BERNAUER (1938) are given in parenthesis. 
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bridges ("Fiederbander"; see Fig. 6.9b). Continued shear stress and/or further dilation plus brittle 
behaviour of the rock forming the bridges may eventually result in fracturing across the bridges 
(see Fig. 6.9c; BERNAUER, 1938; NICHOLSON & EJIOFOR, 1987). The relative offset between two 
bridge remnants originally forming a bridge indicates whether pure dilation or pure shearing or a 
combination of both was the main fracturing process. 
However, the situation may be more complex than this. Hence, 
SMITH (1996a) summarizes a number of fracture mechanisms for en 
echelon arrays: 
(i) extensional fracturing (e.g., RAMSAY, 1980; NICHOLSON & POL-
LARD, 1985); 
(ii) shear fracturing (faulting) with the opposite shear sense to the 
array (antithetic shear fractures; BEACH, 1975); 
(iii) shear fracturing with the same shear sense as that of the array 
(synthetic shear fractures; HANCOCK, 1972); and 
(iv) a combination of extensional and shear fracturing (HANCOCK, 
1972). 
Tension gashes across flow layers in highly viscous melts form 
at a stage in the flow history when melt viscosity does not support 
a coherent flow in the entire flow package. A pronounced difference 
in relative flow velocities between main shear planes in a flow pack-
age may be a contributing factor which leads to openings in the 
matrix itself (BERNAUER, 1938). In the initial stage, a set of ten-
sion fractures opens in which fractures have about the same length, 
spacing and orientation to the flow plane. The angle between the 
direction () 
<= 
o~eral~fy:loW FA Y 
-""""9#"'- (a) 
~ •.... 
bridge 
remnant 
(c) 
Figure 6.9: Origin of sigmoidal 
tension gashes. (a) Rotation sense 
of the central part of the bridge 
indicates local flow direction; (b) 
ideal shape of sigmoidal bridges; 
(c) open tension gashes. 
shear plane and the fracture is ::::::450 • Further movement of the two main shear planes leads to 
opening and concurrent rotation of the tension fractures. Rotation of the middle part of a bridge 
is in the direction of the overall shear sense. This results in a 'characteristic sigmoidal shape of the 
bridges (Fig. 6.9a). 
Fig. 6.10 indicates the relationship between flow lines, 
flow layering, alignment of phenocrysts and tension gashes 
as seen in sample NQ-13, Ngongotaha Dome, Rotorua. The 
size of the tension gashes ranges from decimetres to under one 
millimetre. Tension gashes may be separate features but tend 
to form interconnected fracture networks. Such networks are 
commonly the preferential path for fluid flow. Depending on ·1 
the fluid nature and physico-chemical conditions secondary ~ 
mineralisation may be found in tension gashes, either lining 
fracture walls or completely filling tension gashes. Secondary 
minerals tend to be the same as those lining the openings in 
spherulites and lithophysae, such as tridymite and sanidine. 
flow-aligned phenocryst 
flow 
lineation 
tension cracks 
Extended networks of tension gashes also result in a system of Figure 6.10: Relationship between flow 
more or less parallel-aligned fractures on flow layer surfaces features and tension gashes. 
(see Fig. 6.14). The distance between single fracture lines 
98 
6.4. OPENING STRUCTURES 
varies from as narrow as one millimetre to two to three centimetres. Fracture width is determined 
by the width of the tension gashes which is usually smaller than one millimetre. Fracture lengths 
vary from a few millimetres to several centimetres but may be as long as about one metre. Often 
this set of parallel fractures is accompanied by a pronounced flow lineation perpendicular to it. 
Such a rectangular 'cross-hatched' system of flow lineation and fracture traces of tension gashes 
seems to be widespread and is found at different' parts within a given dome structure and strongly 
supports the proposition that both structures are related to the primary flow of the material. By 
implication, if flow lineation is absent a parallel set of fractures on flow layer surfaces indicates a 
direction normal to the local flow direction. The same orthogonal relation between striation and 
surface traces of tension gashes was observed by PHILIPP (1936) on obsidian from Lipari. However, 
STEVENSON et al. (1993, 1994a) reported no such consistency between "skin cracks" or "cooling 
cracks" and pre-existing flow marks. Here, the two features were perpendicular as well as oblique 
to each other. 
If the orientation of tension gashes is determined by shear motion they can be used as a shear 
sense indicator in sections across flow layers and parallel to flow lineation. In addition, flow, layer 
surfaces often show a system of parallel and often extended fractures, the orientation of which tends 
to be normal to the local flow direction. 
6.4.2 Pull-apart structures 
Sometimes (devitrified) clasts in lava flows 
are internally cracked and consist of a number 
of individual segments. These segments may 
be separated by gaps running more or less per-
pendicular to the elongation of the clasts (see 
Fig. 6.11). The gap width may vary from un-
der one millimetre to several centimetres (see 
Fig. 6.12). These pull-apart structures are 
the result of brittle failure of the clast; friction 
between viscous lava and clast was too great 
to be accommodated by the clast beyond its 
plastic limits. Depending on the melt viscos-
ity, lava tends to squeeze in and even fill the 
gaps between individual segments. Where the 
melt squeezes into such gaps it can be observed 
~,?lbc'alfloW direction I 
Figure 6.11: Relationship between overall flow direction 
and shape of squeeze-in. Inset depicts striation on squeeze-
in surface parallel to adjacent clast walls and its interrup-
tion at regular distances. 
that the squeeze-in forms a ridge at one side of the gap which is usually at the side pointing in the 
general flow direction. If the overall flow direction is to the left, the ridge of the squeeze-in will be 
on the left side within the gap. This skewed distribution of the lava squeeze-in cannot be explained 
by a possible simultaneous settling effect of the flow. The orientation of such skewed ridges at 
squeeze-ins shows some of the same characteristics as comparable structures in metamorphic rocks. 
HIPPERTT (1993) finds that the deflection of microfoliation as infillings in gaps in 'V'-pull-apart 
structures (see below) is near that fragment that has moved or rotated. Surfaces of squeeze-in's 
show a marked devitrified striation parallel to the gap and often perpendicular to the flow direction. 
This striation is interrupted at regular distances normal to its extension (see 6.11). 
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Figure 6.12: Tension gashes (oriented N-S) are restricted to certain flow layers (oriented E-W). Pull-apart 
structures are within the flow layering plane (e.g., at the lower bottom). Scale: 15 cm. Ngongotaha Dome, 
Rotorua. 
Figure 6.13: Pull-apart structures (oriented from upper left to lower right) and flow lines (running N-S). Scale: 
15 cm. Ngongotaha Dome, Rotorua. 
Figure 6.14: Traces of tension gashes (oriented E-W) on flow layer surface. Small ridges (oriented N-S) are 
parallel to flow direction which is to the North. Ngongotaha Dome, Rotorua. 
Figure 6.15: Stretched glass filaments span a gap in a pull-apart structure. Width of photo: ca. 3.1 cm. 
Ngongotaha Dome, Rotorua. 
The gap between two clasts may also be bridged by glassy spikes (see Fig. 6.15). Here, melt was 
obviously torn in such a highly viscous state that it could not move as a coherent flow. ALLEN (1936) 
described similar glassy filaments which are more or less continuous across the gaps of pull-apart 
structures. In his case, many of the glassy spikes have globular tips which suggests refusion. 
Squeeze-ins of lava in pull-apart structures have been described from many locations, such 
as in dacite from the Llao flow at Crater Lake, Oregon (ALLEN, 1936), in obsidian from Lipari 
(BERNAUER, 1938) and in rhyolite flows at Southern Coulee, Mono Craters (LONEY, 1968). 
In flow situations where the upper flow part overrides the lower part, individual clast segments 
rotate due to differential shear movement in a downslope direction. During rotation they are 
arranged in a bookshelf-like fashion. Once the segments touch each other they are inhibited from 
rotating further (as in an imbricated structure) and their rotational sense is preserved, as is the 
shear sense. 
Whether or not individual segments are rotated until they 
hinder each other depends on the shear stress involved and the 
degree of matrix viscosity (see Fig. 6.13). Once the lava is too 
viscous for the bookshelf structure to be deformed, its position 
will be fixed (Fig. 6.16a). SCHMINCKE & SWANSON (1967) 
reported similar rotated pull-apart structures in pumices from (a) 
Gran Canaria. As with the previously discussed structures, this 
structure is also typical of metamorphic rocks and is a useful 
shear sense indicator. SIMPSON & SCHMID (1983) pointed out 
that in many cases the sense of displacement along microfrac-
tures oriented oblique to the foliation plane is opposite to the 
overall shear sense (Fig. 6.16b). 
(b) 
Structures similar to the 'V'-pull-apart microstructures of 
HIPPERTT (1993) are sometimes present in volcanic flows and 
are useful flow sense indicators. They are always found at sites 
of heterogeneous shear strain where opening of the V is next to 
an active shear plane. The rigid fragments are separated by non-
parallel movements. Usually, the wall of the smaller fragment 
Figure 6.16: Rotated pull-apart 
clasts within a viscous matrix (a) and 
relationship between overall shear 
sense and displacement sense of 
segments (b). 
makes a shallower angle with the shear plane than the wall of the bigger fragment. This suggests 
that smaller fragments have been rotated into a more stable position. 
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6.4.3 Openings around rotated particles 
This opening structure bears a close resemblance to the 
spindle-shaped structure of layers wrapped around rotated 
particles (described above on page 95). However, at a stage 
where lava was too viscous to move as a coherent flow and 
reacts in a brittle way, characteristic openings around ro-
tated particles will form. SCHMINCKE & SWANSON (1967) 
described in detail such opening structures around rotated 
phenocrysts in ash-flow tuffs from Gran Canaria, Canary Is-
lands. 
In this kind of opening structure, particles (like large phe-
cavily 
Figure 6.17: Spindle-shaped arrange-
ment of diagonally opposite oriented 
openings. 
nocrysts, clasts, etc.) are enveloped by two cavities which are elongated parallel to the lineation 
and about 0.5 to 2 times longer than the particle diameter. In this spindle-shape arrangement 
(Fig. 6.17), openings are diagonally opposite to each other. The opening on the downslope side 
is consistently lower than the one on the upslope side, exactly the same as in IT-type structures 
in metamorphic rocks. Openings walls are often jagged and grooved parallel to the lineation. In 
addition, sharp spines of the matrix often stick inwards from the opening walls and may be con-
nected with the opposite wall or the particle itself. Layering around particles otherwise shows the 
same behaviour as already described above. To form such structures the melt viscosity was at such 
a critical point that it could still flow laminarly around particles, but was too viscous to refill the 
openings torn around particles. Spindle-shaped opening structures around rotated particles have 
directional significance and can be used as shear sense indicators. 
6.4.4 Flow-distorted vesicles 
Large vesicles are found in various parts of a given 
flow edifice and they are also subject to shear deforma-
tion. Vesicles form if the internal vapour pressure ex-
ceeds the loading pressure of the confining melt. Since 
the internal vapour pressure is equi-directional, vesicles 
initially tend to take a spherical form. However, at high 
melt viscosities, just before eventual (local) flow cessa-
tion, the vesicle walls will no longer be able to readjust 
to a spherical form. Instead the vesicles, due to con-
tinued flow, become deformed to an ellipsoidal shape 
which can be used to detect the local flow direction. 
The presence of deformed vesicles indicates the stage 
at which the vesicles form as well as the deformation 
sense and hence local flow direction. The vesicle in Fig. 
Figure 6.18: Vesicle deformed due to shear 
movement. The 'spindle'-shaped form indicates 
a sinistral shear sense. Scale: 15 cm. 'Conical 
Hill Extension', Gebbies Pass, Banks Peninsula. 
6.18 formed at a late stage, just before flow cessation. It appears as if the vesicle was subject to 
shear deformation after its formation and just before being frozen in its deformed state at a very 
high melt viscosity. Vesicle formation at an earlier stage would certainly have resulted in a complete 
bubble collapse due to continued shearing between flow planes. 
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6.5 Summary 
Flow textures and structures in rhyolite flows closely resemble the textures and structures of meta-
morphic rocks that are mainly due to non-coaxial shear. Generally, rhyolitic rocks show a prominent 
flow layering the origin of which may differ from lava flow to lava flow. Flow layering may result 
from differences in the content, size and shape of solid particles and vesicles as well as from differ-
ences in crystallinity and chemical composition in adjacent flow layers. Flow layering is thought 
to form mainly in the conduit by shearing. In general, flow layering outlines the shape of a lava 
flow jdome or individuallobes of such volcanic edifices. Near the vent area, flow layering dips steeply 
towards the vent. 
Flow lines mark a flow lineation and restrict possible flow directions to two directions. Flow 
lines may comprise stretched and parallel aligned vesicles or sets of parallel grooves caused by 
scoring of a viscous matrix by particles unable to rotate. 
Flow folds may preserve pre-folding strain and shear sense around rigid particles and may be 
used as flow sense indicators. Two folding processes have been described in lavas. Asymmetric 
isoclinal recumbent folds are the product of lateral lava movement causing shearing as well as 
lateral extension, and they are found near the flow base as well as near the flow top in the vent 
area. Upright folds are produced by lateral shortening and are found, especially, near the flow top. 
Solid particles, such as (micro-)phenocrysts, microlites, xenoliths and clasts, are rotated during 
lava flowage and may preserve a rotational sense (dextral or sinistral) if flow layering is wrapped 
around them. Simple shear deformation results in a crystal shape-preferred orientation of 
elongated solid particles. If the angle between SPO and flow layering is consistent over a certain 
distance, a flow foliation may develop which parallels the direction of the SPO of the solid particles. 
Other features analogous to metamorphic structures are imbrication of solid particles and 
en echelon crack arrays, both of which result from shear deformation and may be used as shear 
sense indicators. Brittle failure of devitrification clasts in a plastic melt under shear results in the 
formation of pull-apart structures. If the surrounding melt is 'fluid' enough it may squeeze 
into the gaps of the pull-apart structure and form asymmetrical oriented ridges in the gap, the 
orientation of which gives information about the shear sense. Related to pull-apart structures are 
'bookshelf'-like structures, in which individual pulled-apart clasts are rotated due to shearing. 
Again, they may be used to infer the shear sense. Another type of opening structure occurs around 
rotated particles and forms when the melt is too viscous to move as a coherent flow around a 
solid particle but opens around it to form a spindle-like structure. Depending on the orientation 
of the 'steps' a dextral or sinistral shear sense may be found. Finally, vesicles are subject to shear 
deformation. If they are not flattened by the shearing, they may preserve their deformation with a 
characteristic shape. 
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Chapter 7 
Processes of Jointing 
This chapter investigates the processes and types of joint-
ing associated with the emplacement of rhyolitic domes and 
flows. POLLARD & AYDIN (1988) give a conceptional frame-
work for fracture mechanics in which fracture is characterised 
by three features: (i) two parallel fracture surfaces meet at 
the fracture front, (ii) the surfaces are approximately planar, 
and (iii) the displacement across the fracture is small com-
pared to the fracture length (POLLARD & SEGALL, 1987). 
An idealised model of the fracture front (Fig. 7.1) demon-
fracture 
propagation 
front 
strates the three opening modes: an opening perpendicular Figure 7.1: Three displacement modes 
to the fracture surface (mode-I), and two shearing displace- of a fracture (after: POLLARD & Ay-
ments parallel to the fracture surface, either perpendicular 
(mode-II) or parallel (mode-III) to the propagation front 
DIN, 1988) 
(POLLARD & AYDIN, 1988: 1185). As proposed by POLLARD & AYDIN (1988: 1186) the term 
'joint' should be restricted to fractures with opening displacements only, whereas 'faults' are asso-
ciated with the two shearing modes. This terminology has developed through the study of different 
surface textures and surface fillings, caused by unique stress, strain, and displacement fields asso-
ciated with the different modes (POLLARD & SEGALL, 1987). The proposed terminology, fault vs. 
joint, is used throughout the thesis. 
Fractures and joints of tectonic and volcano-tectonic origin are discussed first, followed by 
columnar joints and associated structures, which are the main focus of this chapter. Small-scale 
structures on flow surfaces, such as tension gashes or cracks, are discussed in section 6.4 on page 
6.4. 
7.1 Joints related to the emplacement process 
In this section large-scale joints and fractures related to the emplacement process, other than 'true' 
columnar joints, are discussed. These include two types of sheet joints, the so-called 'onion skin' 
structure and the 'pseudo-columnar' structure. 
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7.1.1 Sheet joints 
Well developed sheet joints are frequently observed in more silicic lavas (e.g., in pitchstones from 
Dunfin, Arran, or in trachytes from many localities in Auvergnej BONNEY, 1876). The spacing of 
individual sheet joints varies widely: from several decimetres to < 1 cm, thus giving the rock a slaty 
or schistose appearance. Close observation reveals that there are two types of the sheet joints. 
Type 1 runs parallel to the cooling surface and, hence, parallel to the confining flow surfaces. It 
is therefore more or less perpendicular to the prominent columnar jointing, if the latter is present. 
This relationship is described by IDDINGS (1909) at Obsidian Cliff, Yellowstone National Park, 
where the sheet joints are restricted to the surface of the flow and are then replaced by columnar 
joints. In other cases sheet joints occur right through the entire flow. IDDINGS (1909: 327/328) 
explains this jointing type by physical differences in the cooling lava flow: a rather quick decrease 
in cooling rate is contrasted by poor lava conductivity. Contraction differences from flow layer to 
flow layer are imposed by different quenching and crystallisation rates. Therefore, the direction of 
maximum stress of contraction will be normal to the flow surface and the plane of jointing runs at 
right angles to this stress, or, parallel to the cooling surface. 
Figure 7.2: In this photo the sheet joints closely follow the 
local flow lamination and are at a high angle to the columnar 
jointing (Conical Hill , Summit Road , Banks Peninsula) . 
Type 2 sheet joints run parallel to the 
flow lamination. Often, the flow lamina-
tion closely follows the outline of a flow 
and in these cases the two types of sheet 
joints are not distinguishable. However, in 
many cases local deviations in flow orienta-
tion clearly prove that it is the plane the 
sheet joints follow (Fig. 7.2). Towards 
the flow termination the flow lamination 
tends to curve upwards and, hence, the 
sheet joints point towards the flow source. 
In such cases the sheet joints can be used 
as flow direction indicators (MACDONALD, 
1967: 43). BONNICHSEN & KAUFFMAN 
(1987), however, pointed out that moder-
ately to steeply inclined sheet joints are not only found at the flow margins, but also in septa 
between flow lobes. If a jointing of this kind is present in the flow or dome interior its orientation 
obviously depends on the late-stage local flow movements: BONNICHSEN & KAUFFMAN (1987) 
found a generally subhorizontal orientation throughout central flow zones, whereas in some rhyolite 
domes and ignimbrites (e.g., BENEK, 1978j ROLLIG, 1976) sheet joints show a wide variation of in-
clination, curving and large-scale folding. This jointing type is caused by shearing as the tendency 
for flow movement continues after the lava becomes too viscous for a true flow. This produces 
shearing along flow planes which are defined by physical and/or chemical differences in adjacent 
flow layers (see Section 6.2 on page 92). 
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7.1.2 'Onion skin' structure 
Figure 7.3: Small 'onion skin' structure 
combined with radiating columnar joints 
at the N E-face Mt Somers. 
(GOTO & MCPHIE, in press). 
7.1. JOINTS RELATED TO THE EMPLACEMENT PROCESS 
As the name suggests this jointing type describes a suc-
cession of concentric joints resembling the skins of an onion 
(see Fig. 7.3) and occurs predominantly in the centre of dome 
lobes (e.g., at Wahanga Dome, Mt Tarawera Volcanic Centre, 
COLE, 1966). COLE (1966) showed that at Tarawera jointing 
closely follows the flow layering. For a lobe protruding from a 
dome, for instance, elongated solid particles in the lava will be 
aligned in the direction of protrusion, and this can be seen on 
the surfaces of individual 'onion skins'. However, at the lobe 
termination the orientation of these particles will be irregu-
lar, or in the ideal case they will radiate towards a common 
centre. The thickness of individual layers, or joints, varies 
but in most cases is in the order of several centimetres. 
'Onion-skin' structures are commonly associated with 
high-silica melts and are described in dome structures of tra-
chytic (e.g., Drachenfels , Rhine; CLOOS & CLOOS, 1966), 
phonolitic (e.g., Rochee Tuiliere, Auvergnej SCHOLTZ, 1934), 
dacitic, rhyodacitic and rhyolitic composition. Particularly 
good examples may be found in cryptodomes such as in the 
Momo-iwa cryptodome on Rebun Island, Hokkaido, Japan 
SCROPE (1825, 1862) described a structure very similar 
to the 'onion skin' structure l . However, comparing his Fig. 
29 (reproduced here in Fig. 7.4) with the following quote 
one has to conclude that his original term does match the 
modern meaning: "In the Isle of Ponza, prisms of a green vit-
reous pitchstone separate readily into very perfect spheroids 
or ovoidal masses from a foot to a few inches in diameter, 
which when struck desquamate into concentric lamin::e ex-
actly like the coats of an onion." (SCROPE, 1862: 104) . 
REYER (in: JUDD, 1881: 125/126) experimentally produced 
"onion skin" structures in that he forced differently coloured 
plaster of Paris through a hole in a board. Cutting the result-
ing dome-like structure across the colour-bands reveal in the 
dome centre a pattern identical to the 'onion-skin' structure 
(see Fig. 8.3 on page 146). 
\. . 
, \ 
\ '.. \ \ \ ~\: . \ 
. ~ \. \ 
Figure 7.4: Reproduction of SCROPE'S 
{1825} original Figure 29 referring to an 
'onion skin ' structure. See text for expla-
nation . 
1 " it occasionally happens that a mass of lava, after assuming a globiform structure, has, by subsequent 
contraction, been divided either into prisms having their axis perpendicular to the surface of the spheroid, and 
therefore converging to its centre, or into concentric lamell.e- according as the contractile force, in its progress from 
the surface to the centre of the mass, experiences least resistance to the movement of the particles in the direction 
of the radii, or of the tangents, to the sphere. . .. In the Siebengebirge a concentrically laminated spheroid of basalt 
is to be seen, having a diameter of 500 or 600 feet! The lamin.e in this case show a tendency to columnar division 
likewise, the prisms being at right angles to the curved planes of the lamin.e." (ScRaPE, 1862: 106) 
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7.1.3 'True columns' vs. 'pseudo-columns' 
In many volcanic areas showing well developed colum-
nar joints the appearance of jointing differs from one lo-
cality to another within the same area. These differences 
can be classified int.o basically two types (e.g., WOCKE, 
1927; TOMKEIEFF, 1940; BRINKMANN, 1957): 'true' colum-
nar jointing in which each joint is marginal to only the 
two columns it separates2 and the case in which the 
'pseudo' columns are formed by relatively long joints cross-
cutting parts of the flow to produce a columnar network3 . 
BRINKMANN (1957) argues that both jointing sets are formed 
in the last stages of solidification since the joints cut right 
True columnar Joints 'Pseudo' -columnor Joints 
Figure 7.5: Comparison between 'true' 
and 'pseudo' columns. Note the vary-
ing polygonal sides in true columns vs. 
fixed number of polygon sides in 'pseudo' 
columns. 
through flow features and phenocrysts. This is true, but does not takes into account the possibility 
of formation of the pseudo-columns after the complete cooling of a flow following an undefined time 
span. 
'True' columnar joints form in response to thermal tensile stress built-up during cooling of a lava 
flow or dome. In contrast, 'pseudo' columns are formed by intersecting large-scale joints or fractures 
dividing the flow into a regular network frequently resembling columnar joints (Fig. 7.5). Depending 
on the number of joints or fractures involved the polygonal cross sections of 'pseudo' columns have 
a fixed number of polygon sides, whereas in true columnar joints the polygonal side number varies. 
The 'pseudo'-columnar jointing is often found in tectonically stressed volcanic settings, where the 
intensity of its expression decreases with distance from tectonic elements, like faults. Both types 
may occur in close proximity to each other and the 'pseudo'-columnar jointing may overprint the 
original true columnar joints. The two types may be temporally distinguished: the true columnar 
jointing is associated with the cooling of a lava flow, whereas the 'pseudo'-columnar joints are due to 
tectonic events which may affect a lava flow after its emplacement. In this way, 'pseudo'-columnar 
joints are a result of tectonic events and not of the emplacement of a lava flow or its subsequent 
cooling. 
7.2 Columnar jointing and related structures 
7.2.1 Introduction 
The cooling of many volcanic bodies is often associated with the formation of well-developed colum-
nar joints. Since this jointing type frequently occurs in basalt flows and was, and is, the subject of 
investigation in flows of predominantly basaltic nature, the columnar structure is commonly erro-
neously called 'basalt columns', especially in German-speaking countries ('Basaltsiiulen'). However, 
this structure is not confined to rocks of basaltic nature and can be found in a variety of volcanic 
rocks in different settings: 
2BRINKMANN (1957: 526) uses the terms "regular columns" or "autonome Siiulen" for the well-known columnar 
joints. 
3 "Pseudo-columns" or "heteronome Siiulen" according to BRINKMANN (1957: 526). Both German terms, "au-
tonom" and "heteronom", go back to WacKE (1927: 188). 
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GI pitchstone (e.g., Hysgeir, GEIKIE, 1896: 371/372; Ben Hiant, Ardnamurchan, RICHEY, 1961); 
GI obsidian (e.g., Obsidian Cliff, Yellowstone National Park, IDDINGS, 1888); 
GI rhyolite flows (e.g., Bracks Rhyolite Flow, Trans- Pecos Texas, HENRY et al., 1990 and Snake 
River Plain Volcanic Province, Southwest Idaho, BONNICHSEN & KAUFFMAN, 1987); 
• ignimbrites (e.g., upper Bandelier 'lUff, MACDONALD, 1972) and welded tuffs (e.g. County 
Waterford, Ireland, FRITZ & STILLMAN, 1996); 
GI quartz-latite rheoignimbrite flows (Etendeka Formation, Northwest Namibia, MILNER et al., 
1992); 
• phonolite (e.g., Roche Sanadoire, Auvergne, BONNEY, 1876: 141; Devil's Tower, Wyoming, 
DUTTON & SCHWARTZ, 1936); and 
• trachyte (e.g., Mont Dor, Auvergne, BONNEY, 1876: 141) or the benmoreite-trachyte at Castle 
Rock, Lyttelton Volcano (FITZGERALD, 1991). 
They may also be found in volcanic necks (e.g., in Mt. Taylor Range, U.S.A.; JOHNSON, 1907), 
as well as in dikes/intrusions. Joint structures and prismatic cross sections very similar in appear-
ance to the columnar joints can be found in a number of other materials, for instance, in mud, 
clays, sandstones (e.g., POOLE & HUTTON, 1986) or buchites (e.g., at Apsley, Tasmania; SPRY & 
SOLOMON, 1964). 
The diameter of basalt columns varies greatly, but average 60 cm has been given (BOWES, 1989: 
103). Small, slender columns, as narrow as a few centimetres or less, may be found in tuffs and 
buchites. On the other hand, some thin basalt flows at Columbia River, Oregon, carry columns as 
thick as 4.5 m. 
Since columnar jointing most frequently occurs in basalt flows, explanations regarding its origin 
are almost exclusively restricted to this rock type. The first theories were often based on compara-
tive and geometric reasoning, but soon took fracture mechanics into account and now incorporate 
thermodynamical and material properties of basalts. Therefore, one of the main questions is whether 
the established theories are applicable to rhyolite lava domes. Rhyolites have a very different cliemi-
cal composition, resulting in a different rheological behaviour and, hence, different edifice geometry, 
like the prominent domes and coulees. 
In studying historical documents related to columnar structure and its formation one can readily 
discern several stages in understanding of this structure which in turn help to understand the present 
theories. The following review traces the main ideas about the formation of columns, largely in 
basalts, and describes the jointing process in its historical context. 
7.2.2 Hypotheses on the formation of columns 
KONRAD VON GESNER (1565) explained the formation of basalt through crystallisation in water 
and did not believe that the columns could occur on active volcanoes. He compared the shape of 
the columns with the shape of crystals and, hence, depicted them with pyramidal points (see Fig. 
7.6 on page 111). A very different approach to the origin of basalt columns can be found in LISTER 
(1673) who spoke of "stone-plants", believing that columns were petrified plants. 
A well known and well described occurrence of columnar jointing is that of the Giant's Causeway 
in Northern Ireland. TOMKEIEFF (1940: 89/90) acknowledges Sir RICHARD BULKELEY as being the 
first person to scientifically describe this "natural curiosity". In BULKELEY's view (1693) the cliffs of 
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the Causeway were composed of cylinders of solid rock without any joints4. One year later, Reverend 
Dr. SAMUEL FOLEY (1694a, 1694b) described the structure and form of the columnar jointing in 
more detail, although he did not suggest an origin5. However, MOLYNEUX (1694, 1698), who was 
the first to attempt a rock identification6 of the Giant's Causeway described the characteristic "ball-
and-socket" structure (see page 113)7. Despite his accurate observations, the lack of knowledge of 
the time did not allow him to find an answer to·the formation of the columnar jointing8. 
The first theory of the origin of the columnar structure was given by Reverend RICHARD 
POCOCKE (1748, 1753a, 1753b). He believed the columnar basalt formed by precipitation in wa-
ter9 -making him the first 'Neptunist', before the great battle between the two famous schools 
commenced. A major conflict between 'Neptunists' and 'Vulcanists/Plutonists' was on the origin 
of basalt: a chemical precipitation from the universal ocean VB. lava erupted from volcanoes (e.g., 
HALLAM, 1985; OLDROYD, 1996). For the neptunists, the volcanoes represented a kind of abnormal 
4 "This whole Causeway consists all of Pillars of perpendicular Cylinders, Hexagons and Pentagons, of about 18 
and 20 Inches Diameter, but so Justly shot one by another, that not any thing thicker than a Knife will enter between 
the sides of the Pillars. The Pillars do not consist of Joints, as you were informed, but each Cylinder is one solid piece, 
only indeed in breaking it breaks cross-wise or Horizontally, and not length-wise, which we commonly call splitting; 
and it is by this breaking, that the Texture of the middle of the Caus-way is discovered; ... That the Cylinders 
do not consist of Joints, is manifest from this, that the pieces so broken off, have their bottoms as often convex or 
concave as flat and even ... " (BULKELEY, 1693: 709) 
SHe corrects BULKELEY with the important observation that the columns consist of joints: 
"Q. 2. Whether any of those Pillars have Joynts, and which have not? 
Answ. All the Pillars are composed of distinct pieces, which we may call Joynts, that lye upon one another as close 
as 'tis possible for Stones to lye." (FOLEY, 1694b: 173) 
6 "And truly the Stone of our Giants Causway agreeing so well in Hardness, Colour and Substance with this 
JEthiopick Marble described by Pliny, and Kentmannus, reducing a fort of Pillard Stone in Misnia near Dresden in 
Germany, that nearly resembles ours in many of its Properties, to the Basaltes: I though I could not more aptly refer 
it to any Species of Fossil yet known, than to that, and therefore gave it the Name of Lapis Basaltes, vel Basanus 
Hibernicus, but not being so well informed then, I ran into a Mistake, when I said, Angulis minimum quinque plurimum 
septem constans; whereas I should have said, Angulis minimum tribus plurimum octo constans; And this shews it to 
partake still more of the Nature of the Misnian Basaltes, tho'it comprehends Two sorts of Pillars which that has not, 
those of Three and those of Eight Sides." (MOLYNEUX, 1698: 221) 
7 "But here Dr. Foley has omitted one Remarkable Particular, that I must needs take notice of; for besides what 
the Doctor remarks of the bottom or top of each Joynt having a large round Concavity or Convexity, that extends 
it felt from the Centre of the Stone within an Inch or two of the Angular Circumference; examining two Joynts that 
were sent up from the place hither to Town, I observed likewise, that the bottom or top of each Joynt round this 
Concavity or Convexity either rises with an eminent Verge or Ridge, if it be Concave in the middle; or if it be Convex, 
is hollow'd with such a sort of Grove, as to receive closely into it all the eminent Ridge of the next Joynt either above 
or below it; so that each Superficies in the Articulations adapt themselves on all sides so exactly one to t'other, as 
'this possible for two Bodies, that are only contigous, and not cohering, but moveable from one to another with little 
more force then is requisite to stir a Body of that Gravity. .. (MOLYNEUX, 1694: 179; cf. also his figures in the 
article of 1698) 
8 "By what means these Stony Joints, so Ponderous and Bulky, and so distinct and discontinued Bodies from one 
another, should arrive at first to this great Height, and reach the Summits of these tall Colums where they now are 
placed, seems a Problem of that difficulty, that some perhaps for its Solution may be apt to think they were cO-lEval 
with the first Creation, and ranged then in the same Order they now stand by the great Fiat that produces the 
World. But it were easy to give another Conjecture of this odd Appearance, were I not better pleased to observe and 
set down the History of Nature as it truly is, than to amuse my self and others by making vain and uncertain Guesses 
at the hidden Causes of its Phenomena." (MOLYNEUX, 1698: 219) 
9 "It is therefore probable, that, when this matter was in a fluid state, and when the stratum of rock was formed, on 
which it was made, the fluid contiguous to the rock still continued in motion; that, after a time, some of the particles 
of matter, which compose these pillars, being disengag'd from the particles of water, ceas'd to move, and form'd the 
parts of these pillars, which are next to the rock, in the above-mention'd figures; so much being formed only at once, 
or in a very short time as extends to the first joint: that then, either by change of season, or some other accident, so 
much more water mixed with these particles, as prevented their continuing to form themselves into such a shape, and 
gave the former motion: that, afterwards, the decrease of water might again be the cause of the former effect, and so 
on, till the intire pillars were formed; and the top of the last formed being convex, that, which was formed upon it, 
would probably be concave, and fit to it, either by its gravity, or by being softer." (POCOCKE, 1753a: 230; cf. also 
his figures to explain the "ball-and-socket" structure!) 
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and rare phenomena with the origin of lava due to fusion of some other rock by heat provided by 
combustion of sulphur or underground coal seams. The columnar structure of many known basalt 
flows, especially that at the Giant's Causeway, was used as evidence for both hypotheses. 
Figure 7.6: Colum-
nar joints figured 
like quartz crystals 
(GESNER, 1565; repro-
duced from KRAFFT, 
1991: 44). 
The father of the two schools may be found in JEAN ETIENNE GUETTARD 
(1752). He believed in the aqueous origin of basalt resulting from a chemical 
precipitation in a marine environment. On the other hand he acknowledged 
the fact that certain mountains in Auvergne were actually remains of an-
cient volcanoes. In 1763 DESMAREST observed columnar structure in some 
ofthe craters of Auvergne (DESMAREST, 1771) and later suggested that the 
columnar basalts of the Giant's Causeway were lava flows. The ideas of DES-
MAREST were quickly adopted by RUDOLF E. RASPE10 (1771) and applied 
to similar columnar basalt occurrences in Hessell . Later, RASPE (1776), 
explained the prismatic form of the columns by a submarine eruption style 
or quenching of lava running into the sea 12. 
Nevertheless, ABRAHAM GOTTLOB WERNER (1774) attributed in his 
'geognostic' theory the origin of almost all rocks, including basalt, obsidian, 
pumice, and granite to chemical precipitation, crystallisation, and sedimen-
tation in the sea 13. For this reason, he explained the columnar nature of the 
basalt at Stolp en, Saxony, by desiccation, like cracks found in drying mud. 
It is therefore understandable that many scientists and 'naturalists' in the following years re-
ported new occurrences of this columnar structure of basalts, or 'whin-stones,14 as they often were 
termed, all over Europe (e.g., TREMBLY, 1756, from western Germany; RICHARD LORD BISHOP 
OF OSSORY, 1762, from Dunbar, Scotland; MENDEZ DA COSTA, 1762, from Canna Island, In-
ner Hebrides; STRANGE, 1775a, 1775b, from Euganean Hills, Italy; and the lengthy description of 
occurrences in Ireland and Inner Hebrides by MILLS, 1790). 
BARTHELEMY FAUJAS DE SAINT-FOND (1778) seems to be the first to acknowledge the igneous 
origin of columnar basalt with precise observations on their structure in Velay, the Vivarais, and 
Scotland. Careful observations convinced WILLIAM HAMILTON (1779) of the close connection be-
tween the presence of basalt columns and active volcanoes indicating that wherever there were 
columns there has been volcanism. DEODAT DE DOLOMIEU (1788) published the fundamental idea 
lOHe is probably better known for his Adventures of Baron Munchhausen. 
11 "Hence, it may be allowable to attribute with Mr. Desmarest the origin of the basaltes to volcanoes. This opinion 
is further supported from many circumstances; viz. the vitreous, and hitherto problematic substance of these stones; 
the want of marine bodies, and lastly, the well-known experiment of some melted metals, which, when hardened, 
appear in crystallizations not unlike those of watery congelations." (RASPE, 1771: 582) 
12 "The regular prismatic columnar black or basalt seem, according to their situation and quality in this country, 
and in many others, to be lavas, which in a hot-fluid state broke their way from underground immediately in the sea, 
.or ran into it, or cooled under its level, without any eruption, within the strata, caverns, and holes, wherein they have 
been brought to fusion." (citation in TOMKEIEFF, 1940: 92/93) 
13Visiting the basalts of Stolpen, Saxony, he states: "Hier fand ich nun nicht eine Spur von vulkanischer Wirkung, 
auch nicht das geringste Merkmal einer vulkanischen Erzeugung. Vielmehr bewies die ganze innere Struktur des 
Berges ganz das Gegentheil. ... , daB ich, nach weiterer reiflicher Untersuchung und Ueberlegung, dafuer halte, 
das kein Basalt vulkanischen, sondern aller, so wie aIle uebrigen uranfaenglichen- und FloeB-Gebirgsarten, nassen 
Ursprungs sey." (WERNER, 1786. Transl.: "Here I found not even a trace of volcanic action or the least sign of 
volcanic origin. Indeed the entire interior structure of the mountain completely proved the contrary. . .. I am of the 
opinion that no basalt is of volcanic origin, but that all of it is of aqueous origin just as all other primitive and floetz 
rocks are." [OSPOVAT, 1971]) 
14 "The term whinstone, as used in most parts of Scotland, denotes a numerous class of stones, distinguished in 
other countries by the names of basaltes, trap, wacken, griinstein and porphyry." (HALL, 1805: 46) 
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that basalt columns of the Massif Central formed by contraction of lava as it cooled down. 
Crystallisation hypothesis 
The first theory explaining the prismatic structure from an experimental basis can be ascribed to 
GREGORY WATT (1804). His "crystallisation hypothesis" 15 is based on observations ofthe cool-
ing of a large basalt mass in a furnace. The basalt crystallised radially from evenly spaced centres 
in a horizontal plane resulting in a hexagonal network. Some theoretical considerations gained by 
KEIR (1776) from crystallisation experiments of glass may also be placed in this category16. Later 
on these ideas were taken up again by O'REILLY (1879). 
Contraction hypothesis 
The so-called "contraction hypothesis" may be traced backto RASPE (1776) and, as the name 
suggests, explains the columnar structure by contraction due to cooling. This contraction hypothesis 
was for many decades (and for many it probably still is) the dominant hypothesis accepted by many 
leading scientists (e.g., JAMES THOMSON, 1864, 1870, 1882; MALLET, 1875a, 1875b; BONNEY, 
1876, 1899; IDDINGS, 1886, 1888, 1906). Although SCROPE's (1825, 1862) ideas on the formation 
of prismatic structure are commonly seen as those of the contraction hypothesis, they are better 
treated as transitional between the crystallisation hypothesis and contraction hypothesis. 
In his book on volcanoes, SCItOPE (1825) laid the basis of modern volcanology. He summarized 
the process of columnar jointing, and one is tempted to draw parallels to our current understanding 
of this process. He considered that the formation of columns commenced via surface cracks due 
to tensile stresses17 and should show, under ideal circumstances, a hexagonal pattern in cross 
section 18. However, a number of factors, like inhomogeneities in the lava and on its surface, result 
in an irregular crack network at the surface which becomes more and more regular towards the 
interiorl9. He pointed out the relationship between the cooling rate and column shape; the slower 
15The terminology of the different hypotheses set in bold-font are taken from SOSMAN (1916). TOMKEIEFF (1940), 
however, summarizes most of the theories prior to the 19th century as "crystallisation hypothesis" since the columns 
were often compared with crystals and depicted as such (see GESNER, 1565 on page 109). Moreover, he refers WATT'S 
(1804) theory to a "crystallization-concretional hypothesis". 
16 "Does not this discovery, of a property in glass to crystallize, reflect a high degree of possibility on the opinion, 
that the great native crystals of basaltes, such as those which form the Giant's Causeway, or the pillars of Staffa, have 
been produced by the crystallization of a vitreous lava, rendered fluid by the fire of volcanos?" (KEIR, 1776: 539) 
17" ... if the process of consolidation begin at the surface of a mass, as is always the case when it is effected by 
contact with either a rarer or colder body, the tendency to contract is exerted with equal energy on all points of the 
then superficial layer which is undergoing the process. ... that portion of the contractile force which is exerted in 
the plane of the surface, or in one parallel to it, is opposed on anyone point by the contemporaneous shrinking of all 
the surrounding parts. By the action of these opposite forces the layer must be divided, by a greater or less number 
of rents, into distinct portions ... " (SCROPE, 1825: 134/135) 
18 "In each of these portions, therefore, a centre of attraction establishes itself; the crystalline particles that occupy 
the centre remaining stationary, while those that surround it are drawn more or less from all sides towards the centre. 
The rents or fissures of retreat will be obviously perpendicular to the plane of the surface at which the consolidation 
commences, ... If.. . its substance [is] completely uniform, it is clear that the points on which the centres of 
attraction establishes themselves would be symmetrical and equi-distant, and their contractile forces perfectly equal. 
. .. The fissures of retreat ... must evidently therefore divide the consolidation layer into hexagons ; each straight 
fissure being tangential to the opposite spheres of attraction between which it is formed." (SCROPE, 1825: 135) 
19 "But in all lavas the roughness and irregularity of the outer surface prevent the uniform propagation of the process 
of consolidation in true planes; and their substance can never be completely uniform; hence constant irregularities 
must arise in the diameter, and in the number and length of the sides of the polygonal prisms into which the mass 
divides itself; it is, however, a well known fact, that their figures usually oscillate about the hexagon; and that the 
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the cooling the wider the column diameter and the more regular the cross section2o . This readily 
explains the fact that in many columnar basalt flows the columns of the lower colonnade are thicker 
and more regularly shaped then the columns of the upper colonnade which are thinner and less 
perfectly shaped21 . SCROPE (1825) had already attributed this difference in columnar structure 
between lower and upper colonnade to differences in convective and conductive cooling22 . 
The line between two parts of a flow is often quite regular and straight and the different ap-
pearance of the two parts may lead to the conclusion that there are two successive flows. However, 
SCROPE (1862) pointed out that if there were two flows features typical of flow tops or bases should 
occur between two flows, which is not the case in the jointed lavas he described23 • The orientation 
of the columns is always perpendicular to the cooling surface and, therefore, also perpendicular to 
the confining surfaces, following this surface towards the interior24. Therefore, depending on the 
flow geometry the columns will be straight or curved according to the path the cooling surface 
takes. 
Columns are commonly separated by horizontal joints which are sometimes straight ("plane 
cross joints") or curved ("curved cross joints"), either concave or convex with respect to the lower 
surface25 . This arrangement is often referred to as a 'cup-and-ball' structure (e.g., BONNEY, 1876, 
189926 ) or 'ball-and-socket' structure (e.g., SCROPE, 1862: 103/104; JUDD, 1881: 53). Controversy 
arose about the nature of the curvature direction, MALLET (1875a) insisting that the convex side 
more well-defined the columns, the more nearly do they approach to the true hexagonal prism. ... since, wherever 
the consolidation was suddenly effected, the prismatic masses circumscribed by the fissures of retreat must be rude, 
shapeless, and irregular. This will uniformly be the case with the outer and exposed parts of the current ... " 
(SCROPE, 1825: 136/137) 
20 "The diameter of the hexagons ... will vary inversely with the intensity of the attractive force, and therefore, 
with the circumstances which favour the activity of this force, viz. the slowness of the consolidating process, and the 
mobility of the solid particles. ... ; and also that the more slowly the consolidation is propagated, the greater will 
be the regularity with which the centres of attraction arrange themselves." (SCROPE, 1825: 137) 
21 "And this accords entirely with the known fact, that the most perfect columnar division has always taken place in 
the interior, and generally in the lowest part of the lava current, and particularly where any considerable accumulation 
of the liquid has been formed in some concavity of the underlying surface; that is to say, exactly on those parts which 
cooled most slowly . .. " (SCROPE, 1825: 137). This circumstance, however, is disputed by TOMKEIEFF (1940: 104) 
citing examples from the Giant's Causeway, where the jointing of the upper flow part is more widely spaced. 
22 "The lower [part) cooled solely by condensation of vapour, the upper both by condensation and escape by exuda-
tion. Hence their difference of regularity." (SCROPE, 1825: 141) 
23 "The contrast between the upper and often quite amorphous portion of the mass, and the lower columnar one, 
is sometimes striking, and so great as to have led many geologists to suppose them to be separate beds form by 
distinct flows of lava ... ; but a close examination will always, I believe, detect the unquestionable connexion and 
interpenetration of the two portions. No scoria anywhere interfere, as would certainly have been the case had the two 
portions been separate currents." (SCROPE, 1862: 99) 
24 "As the process of solidification propagates toward the interior of the lava-mass, the fissure of retreat, and 
consequently the columnar prisms they circumscribe, are prolonged in a direction perpendicular to the outer surface, 
or at least to the plane in which the process of solidification acts at anyone moment of its progress. If any circumstances 
change the direction of this plane, or produce irregularities in the propagation of the process, the direction of the 
columns suffers a proportional deviation." (SCROPE, 1825: 138) 
25MACCULLOCH (1814: 505) gives an early description of this structure: "Their joints are very irregularly placed, 
and are frequently wanting through considerable length. When separated, the touching surfaces are either flat, or 
marked by a slight respective concavity and convexity" . 
26 "Occasion ally, however, the joint-surface is not a plane, but more or less curved, so that the convex extremity 
of one segment fits into the concave extremity of the next. The form of this curve varies: sometimes its curvature is 
but slight, and it is continued down to the sides of the prisms; at others the curvature is more marked, the outline of 
the ball being more nearly circular, and is not continued to the sides of the prism, a flat space intervening between 
these and the curved boundary of the ball, which as a rule, nowhere touches them. These curves generally point in 
one direction, sometimes upward, sometimes downward; occasionally, however, cases may be noticed where they are 
differently directed in adjoining columns." (BONNEY, 1899: 147/148) 
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always pointed towards the interior of a flow27 . 
Figure 7.7: Characteristic 'pinch-and-swelf' structure 
of columns in the entablature (small quarry at N-side 
of Quail Island, Lyttelton Harbour; cf. with photo 7.9). 
However, as SCROPE (1875) and BONNEY 
(1876) rightly point out, there is no uniform ori-
entation of the 'ball-and-socket' structure along 
the columns. The origin of the this structure was 
explained in various ways. According to THOM-
SON (1870) the joints originate in the centre of 
the column and propagate to the outside. He 
found the driving force to be the tension build-
up due to extension of the outside of a column 
caused by water infiltration. MALLET (1875a, 
1875b) explained this kind of cross-joint by a uni-
lateral cooling of the columns (see footnote 27). 
Contrary to THOMSON (1870), PRESTON (1930) 
suggested that cross joints start at the outside of 
the joint and then propagate inside and around the column by a combination of vertical tension 
and horizontal shear stress. TOMKEIEFF'S (1940) explanation was very close to that of the latter 
author and, hence, is based on an interplay between the main stress components; compression on 
the outside of a column and tension in the interior. Only slight variations in one of these stress 
components will result in the two different (concave and convex) orientations of the fracture surface 
(see also SPRY, 1968). 
For historical completeness another joint structure should be mentioned, although it was never 
referred to again. JUDD (1881) described a structure associated with the ball-and-socket structure 
as a 'tenon-and-mortise' structure28 . 
Curved columns or the irregular jointing in the entablature are often associated with a so-called 
'pinch-and-swell' structure (Fig. 7.7). In this relatively large-scale feature the thickness of the 
prism increases and decreases along its length (SPRY, 1969) but no satisfactory explanation has yet 
been given. 
Convection hypothesis 
A third hypothesis put forward for the origin of columns was never substantiated by structural 
analysis of lavas. This so-called "convection hypothesis" goes back to THOMSON (1882) who 
recognized the similarity between regular polyhedral cells produced by convection in a soap solution 
and the pattern of the polygonal cross section at the Giant's Causeway. The basic idea behind this 
hypothesis is probably best known as the 'BENARD'S convection cells' (BENARD, 1900). DAUZERE 
(1908) pointed out that some symmetrical columns in Auvergne may have been produced by con-
vection in basalt. SOSMAN (1916) then took up the convection idea and compared it in detail with 
27He is forced to do so by his explanation of this structure: "As fracture in a homogeneous solid always takes place 
transverse to the line of strain, so the fracture producing a transverse joint takes place oblique to the sides of the 
prism- the obliquity becoming less as the fracture advances towards the axis of the prism, so that when complete it 
is cup-shaped, the convex surface of the fracture always pointing in the same direction as that in which the splitting 
of the prism itself is proceeding." (MALLET, 1875a: 182). In another paper, MALLET (1875b: 201- 205) gives a very 
lengthy explanation of the formation of the ball-and-socket structure. 
28 "Sometimes we find processes projecting from the angles of the curved joint-surfaces, which cause the blocks to 
fit together as with a tenon and mortise." (JUDD, 1881: 107) 
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the other known hypotheses. Experimental results on fluorosilicates led OSBORN (1949) to revive 
the convection theory with LAFEBER (1956). In 1951, PETERLONGO stated that the convection 
theory has been generally accepted in France. 
As SPRY (1962: 198/199) convincingly argued, a number of facts render this hypothesis as 
unlikely: 
.. In experiments with wax and other substances, heat is applied to the system, whereas lava 
flows lose heat to the upper and lower surfaces. Moreover, the viscosity increase during cooling 
of the basalt prevents large-scale convection in the flow. 
e Comparing the form and shape of the experimentally produced convection cells with basalt 
columns there is a striking difference; convection cells are short and wide, whereas columns 
are tall and thin. LAFEBER (1956) suggested that the long basalt columns were made of a 
large number of piled small convection cells. However, SPRY (1962: 199) pointed out that a 
smaller number of larger convection cells along the length of a column would be more energy 
efficient . 
• The orientation of experimental convection cells is always vertical, whereas basalt columns 
take all possible orientations and, in addition, may be curved. 
KANTHA (1981) compared so-called "salt-finger" structures produced in fluids with two or more 
diffusive components with the overall columnar jointing pattern. Form and shape of these "salt-
fingers" show a remarkable morphological similarity to columnar structures, e.g" a three-fold di-
vision of straight and turbulent convection cells, very similar to the entablature and colonnade 
subdivision of columnar basalt flows. KANTHA (1981) concluded that a combination of chemical 
and thermal diffusion would be the driving force for the production of long and narrow convection 
cells. On solidification of a basalt flow these highly ordered convection cells would pre-establish 
propagation paths for fractures resulting from tensile stresses due to further cooling. Thus, the 
well-ordered prismatic structure results from jointing along these pre-established paths. KANTHA 
(1981) still referred to a solely contractional origin for joints in thin lava flows, but for thick lava 
flows with columns of high aspect ratio he proposed the above described combination of pre-defined 
jointing paths by a double-diffusive convection system and jointing due to thermal tensile stress 
relief. This hypothesis was substantiated by HSUI (1982) who studied geophysical and geochem-
ical relationships between double-diffusive "fingers" and "basalt fingers". However, some basic 
observations still cannot be explained by this theory: 
It compositional differences across a "finger" or column are not a common feature as would be 
expected, but rather are the exception (e.g., SCROPE, 1862; FULLER, 1938; SMEDES & LANG, 
1955; LAFEBER, 1956)29; 
.. any elongated solid particles present in the fluid should be aligned due to convective motion 
within the convection cell, and, hence, would indicate a flow parallel to the column axis. 
This is, however, not the case, apart from exceptional circumstances in which a local flow 
direction coincides with later jointing. Moreover, it is often observed that the jointing cuts 
right through solid particles (e.g., BRINKMANN, 1957); 
It the convection theory cannot explain regular horizontal or oblique columns; and finally 
• the cross section of double-diffusive convection cells as observed by KANTHA (1981: 262) 
initially takes a multi-sided form and evolves into a preferential four-sided shape, which is 
just the opposite relation to that observed in columnar joints. 
29RoHLEDER (1926) studied thiIJ. sections from various positions within a column having different orientations. He 
did not find any textural or compositional differences, although he noticed density differences across a column. 
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7.2.3 Chronology of joints 
When observing polygonal cross sec-
tions of columnar joints, two or more gener-
ations of joints (Fig. 7.8) commonly can be 
distinguished by tracing the truncation of 
joints. Often a polygonal plane is bisected 
by long, through-going joints which SPRY 
(1969) refers to as master joints. The ori-
entation of the master joints is determined 
by the stress field of the initial cooling of a 
lava flow/dome (or some local part of it). 
Once the master joints have formed they 
will change the stress regime and may have 
an important influence on following joints, 
if any. Often, large flow parts bisected by 
Figure 7.8: Polygonal face showing three generations of joint-
ing (Conical Hill, Summit Road, Banks Peninsula) . 
master joints are further jointed and may show a polygonal pattern. SPRY (1969) refers to the 
second generation of joints as mega-columns. These mega-columns may show further jointing in 
one or more generations of successively smaller columns (e.g. , SPRY, 1969; HENRY et al., 1990). 
7.2.4 Tiers in lava flows 
Columnar basalt lava flows are often di-
vided into three distinct regions. The lower 
part (often referred to as the lower colon-
nade) generally shows straight, thick, and 
ideally six-sided columns. Similar in ap-
pearance, but less regular in its columnar 
structure, is the upper part (or upper colon-
nade) of a flow. The middle region (or 
entablature), if present, separates the up-
per and lower colonnades and is composed 
of curved and irregularly-shaped columns. 
The terminology of this three-fold divi-
sion of columnar basalt flows was first sug-
gested by SPRY (1962: 194). However, the 
architectural terms were already used by 
TOMKEIEFF (1940) , but with a slightly dif-
Figure 7.9: Example of a two-tiered basalt lava flow on Quail 
Island, Lyttelton Harbour, Banks Peninsula. Well-developed 
vertical columns of the lower colonnade are overlain by irreg-
ularly arranged columns in the entablature. 
ferent meaning; he called the upper part pseudo-columnar, since it is often scoriaceous and only 
crudely columnar3o . Another division was suggested by HOLMES (1945) for columnar lavas of the 
'Causeway type': colonnade for the lower columnar zone and a subdivided entablature-a lower 
curvi-columnar zone with thin, curving columns, often radiating from marginal points, and an 
30Still earlier, in 1808, RIC HARDSO N recognised a two-fold division of the Giant 's Causeway lava flows and referred 
to them as the upper irregular prismatic and the lower regular columnar part . 
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upper pseudo-columnar zone with thick, short polygonal blocks. The last two subdivisions were 
seen as the result of varying velocities of isotherm propagation during cooling (TOMKEIEFF, 1940: 
127-130; HOLMES, 1945: 425). The velocity of movement of the isotherms shows three maxima 
(two corresponding with the initial cooling from the outer margins and one in the middle) with two 
minima in between, therefore dividing the flow in three parts. 
However, the basic subdivision of lower and upper colonnade, and entablature is now widely used 
and accepted31 . The contact between lower colonnade and entablature is often clearly marked by 
structural discontinuities, e.g., by abrupt changes in size and orientation of columns. In contrast, the 
contact between entablature and upper colonnade is generally less abrupt. SPRY (1962) identified 
a number of simple patterns in the entablature which form the overall patterns: fan, inverted fan, 
chevron, inverted chevron, oblique chevron, rosette, and the rare basin. The space between these 
entire or partial basic structural patterns is filled with vertical or sloping columns. 
All terms seem to have their origins in the different structural appearance of volcanic flows. 
Many flows exhibit a succession of two or more tiers of joints. The term tier may be defined as 
a laterally extensive sheet that is characterised by a particular style of columnar jointing distinct 
from any over- or underlying tier in a single flow unit (LONG & WOOD, 1986). Again, the interface 
between two tiers is marked by a mismatch of columnar patterns. Fig. 7.9 shows an example of 
a two-tiered basalt lava flow, with a well developed columnar lower colonnade and an overlying 
entablature. 
By measuring the column face widths at various positions within a lava flow, DEGRAFF & 
AYDIN (1993) found that there is a systematic increase in joint spacing with distance from the 
cooling surface and that the initial joint spacing is three times smaller in the upper flow part 
compared with that at the base. Also, the rate of increase of joint spacing downwards from the 
flow top is two to three times greater than that upwards from the flow base. 
Entablature and curvi-linear column pattern 
Upper 
~ga jO~ Colonnade 
:::::===~~~:::::-~~::::::::. 
~.(~ >j(T~ 
Entablature 
Figure 7.10: Explanation for fan-shaped 
curvi-columnar joint pattern just under 
the upper colonnade (after: DEGRAFF 
& AYDIN, 1987). 
While the straight vertical joints of the upper and lower 
colonnade are relatively easily explained by a moving hor-
izontal cooling isotherm, the curved and irregular colum-
nar pattern of the entablature needs another explanation. 
TOMKEIEFF (1940: 131) explained the irregular pattern of 
the entablature as due to a pause in jointing occurring when 
the velocity minima was reached, allowing a stress build-up. 
Meanwhile, the "splitting temperature" (MALLET, 1975b: 
129) penetrates further into the middle part of the flow which 
then suddenly fractures with explosive violence resulting in 
the irregular pattern of the jointing32 . This idea was revi-
talised by WATERS (1960: 351-353) who explained the curved and inclined columns in the flow 
interior of flood basalts from the Columbia River plateau by an inclination of the isothermal cool-
ing surface under continued flow movement of the upper, already solidified flow part. Furthermore, 
31 However, some authors prefer a simple subdivision into colonnade and entablature (e.g., SCARFE, 1994: 138). 
32Previous theories relied on external forces to explain the curvature and irregular pattern in the entablature when 
this flow part was still in a fluid state (e.g., BAKEWELL, 1813: 112). 
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he used these inclined columnar patterns as a flow indicator; they should be inclined towards the 
vent area. 
SAEMUNDSSON (1970) studied the entablatures of the interglacial lava flows of southern Iceland 
and came to the following conclusion. The great thickness of the entablature, as compared to that 
of the colonnade, and the fine-grained to glassy texture of the rock ground mass in the entablature 
suggests a sudden, rapid cooling. He explained this by inundation of the dammed lava flows. 
Studying the prominent geometric pattern of curvi-columnar joints in the entablature JUSTUS (1978) 
and JUSTUS et al. (1978) also concluded that these patterns were formed by rapid cooling that 
commenced at certain focal points beneath the upper colonnade (see Fig. 7.10). An influx of water 
through mega-joint triple junctions would deform the planar isotherms of the upper colonnade into 
dish-shapes and the cold focal points would become the origin of the sheaf- or fan-shaped columnar 
pattern. Other possible causes of these curvi-columnar patterns are undulating top and/or bottom 
contacts, feeder dikes, hot spots, lava motion, rising hot plumes, descending cold fingers, engulfed 
trees (e.g., MacCulloch's Tree, Isle of Rum; BAILEY, 1924: 111), or local convection (JUSTUS, 1978). 
BANKWITZ (1978) proposed that en-
tablature-like columnar structures (see 
Fig. 7.11) formed after an initial stage of 
large-scale orthogonal fracturing, when 
a second stage of curved columnar joint-
ing begins. As can be seen in Fig. 7.11 
the individual columnar pattern com-
mences at a single point, fans out, and 
terminates at the initially formed or-
thogonal fractures. This pattern is very 
E w 
similar to the surface crack pattern at Figure 7.11: Origin of curvi-columnar Jomt pattern In 
entablature-like flow parts according to BANKWITZ (1978b; re-
many fracture surfaces. The jointing production of his Fig. 2). 
hypothesis is based on his overall con-
cept of the fracture process, developed almost exclusively on metamorphic and sedimentary rocks 
(BANKWITZ, 1965, 1966, 1978b). To incorporate the columnar jointing type in his overall concept 
BANKWITZ disputed the basic idea that columnar joints originate at statistically distributed ten-
sion centres. As he does not ascribe the columnar jointing to the relief of thermal tensions during 
cooling, he believes that the radial columnar joints in dikes, for instance, commence at the dike 
centre and progress toward the rim, and not vice versa. His ideas are apparently strongly influenced 
by crack surface morphologies and common fracture systems33 . 
Investigation of basalt flows by LONG et al. (1980), LONG et al. (1981), and LONG & WOOD 
(1986), amongst others, show petrographic differences between entablature and colonnade. LONG 
(1978) subdivided columnar basalt flows into three types based on the number of tiers and the 
thickness and petrographic characteristics of the tiers. Again, petrographic textures of the entab-
lature indicate a very rapid cooling of this flow part. The textural differences, however, are too 
marked to be explained only by conduction cooling, which would only result in an gradual change 
of the isotherm velocity with time (cf. TOMKEIEFF, 1940), and they do not account for the tex-
33BANKWITZ nevertheless contributes much to our understanding of the temporal and spatial relation of fractures 
and joints. 
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tural differences across the entablature-colonnade boundaries. Modelling of the cooling time under 
various boundary conditions, such as the chilling effect of water at various flow depths, enabled 
LONG & WOOD (1986) to account for the different columnar structures in LONG'S three flow types. 
A downward movement of a quenched zone due to water ingress at mega-joints generates a thick, 
rapidly cooled zone in the flow centre. Multiple flooding events and intervening dry periods are 
the driving force for different cooling velocities and, hence, can account for multi-tiered flows. The 
thermal model indicates a difference in cooling rate between entablature and colonnade of at least 
an order-of-magnitude. LONG & WOOD (1986) suggest cooling rates in the range of 10 to 1 °C/hr 
for entablatures and <1 to 0.01 °C/hr for colonnades. The model also explains fanned columnar 
structures beneath the upper colonnade in the same fashion as proposed by JUSTUS (1978). DE-
GRAFF et al. (1989: 321) give higher cooling rates for the entablature ranging from 1 to 550 °C/hr, 
or more. This translates to a 2-12 times faster cooling of the entablature as compared with the 
lower parts, and this different cooling velocity is substantiated by the relative thicknesses of these 
parts. 
The suggestion that water ingress may be one of the main reasons for producing curvi-columnar 
structures is supported by BJORNSSON et al. (1982) who found structures which "resembled entab-
lature lava" in water-cooled lava flows during the 1973 Heimaey eruption in Iceland. 
7.2.5 Polygonal Cross Sections 
Cross-sections of columnar structures are characterised by a polygonal pattern with the sides of its 
polygons ranging from three to eight34 . This cross sectional pattern was and is the subject of a 
multitude of explanations and mathematical modelling. In this section the basic ideas are discussed. 
Polygon side number VB. ideal hexagons 
In the ideal case the polygons should form a hexagonal pattern, with equal side lengths and equal 
angles of 120°. This is readily explained by theoretical considerations that the tension on a surface 
is equal in all direction, so that fractures that form should have some degree of radial symmetry. 
The resulting joint system will be the one which requires the least amount of energy, i.e., there will 
be a minimum number of fractures per unit volume of rock. Such a joint system is realised in a 
system of interlocking equi-dimensional hexagons (SPRY, 1962)35. MALLET (1875b) also explained 
mathematically the reason for a hexagonal network over a triangular or square one to more easily 
accommodate the surface stresses. For a variety of reasons this ideal case is not realised in nature. 
However, a number of cross sectional views of some lava flows reveal an average side number 
close to six. BEARD (1959) found, nevertheless, that pentagonal columns are most frequent (table 
7.1). However, as the additional data in table 7.1 and statistics in Table 7.2 (BRINKMANN, 1957) 
demonstrate the situation changes. 
In the basalt flow at Melbourne the average number of sides of the polygons even exceeds the 
ideal case of six, and two other examples are very close to six. BRINKMANN (1957) classified volcanic 
structures having columnar joints in relation to the average polygonal side number. The average 
number of polygonal sides is close to six in volcanic flows and sheets, and about five in dikes. His 
34Rare examples of nine-sided prisms have been recorded. 
35This fundamental idea was known for a long time and often referred to as "the principal of the least action" (e.g., 
MALLET, 1875b: 127). 
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Table 7.1: Polygonal side statistics and average side numbers of polygons at various locations (taken from BEARD, 
1959). 
Percentage of n-sided polygons 
Locality n 3 4 5 6 7 8 sides 
Basalt flow, Idaho 50 18 56 16 4.88 
Basalt flow, California 200 0.5 14.5 46 33.5 4.5 1 5.30 
Basalt flow, Idaho 67 7.5 45 41.5 6 5.46 
Giant's Causeway, Ireland 400 4.5 35 52 9.25 0.25 5.66 
Giant's Causeway, Ireland 200 3.54 24.75 50.50 19.12 2.02 5.87a 
Giant's Causeway, Ireland 153 1.98 30.73 47 19.63 0.66 5.86a 
Mt Rodeis basalt, France 200 15 50 32.5 2.5 5.23 
Devil's Tower, Wyoming 100 17 42 35 6 5.30 
Devil's Postpile, California 400 0.5 9.5 37.5 44.5 8 5.50 
Basalt flow, Melbourne 3 22 40 22 13 6.20b 
a Statistics by O'REILLY, in: JELLETT (1978); b JAMES (1920) 
Table 7.2: Average side numbers of columnar basalt occurrences (taken from BRINKMANN, 1957). 
locality 
Giant's Causeway basalt, Northern Ireland 
Basalt sheet, Isle of Skye, Scotland 
"subvolcanic" basalt, Oberkassel, Bonn 
basalt dike, Binn, Scotland 
5.92 ± 0.06 
5.79 ± 0.06 
5.26 ± 0.16 
4.87 ± 0.08 
stand. dev. 
0.77 
1.08 
1.25 
0.89 
reference 
O'REILLY (1879) 
BRINKMANN (1957) 
BRINKMANN (1957) 
SOSMAN (1916) 
observation may be explained with the fact that a 'mature' system will have an average very close 
to six. Such a 'mature' system requires a relatively slow cooling of a homogeneous material without 
any disturbances. 
GRAY et at. (1976) calculated the average number of sides, n, per polygon for an infinite plane 
networked by convex polygons as: 
n=22JT+3Jy + 4JX 
JT+Jy+2Jx 
(7.1) 
where JT, Jy, and Jx are the fractions of T-type and V-type triple junctions and quadruple 
junctions, respectively, in a network. The average side number will be four in any network which is 
composed of T-type and/or quadruple junctions. The introduction of V-type junctions will push n 
to higher values. Finally, if the network is composed entirely of V-type junctions, the average side 
number will be six. 
Type of junction and characteristic angle 
Closely related to the numbers of sides in the polygon are their 'interfacial' angles. All polygons 
in the geometrical sense are characterised by defined 'interfacial' angles; a tetragon has four angles 
of 900 summing up to 3600 , a pentagon, 5 . 1080 = 5400 , a hexagon, 6 . 1200 = 7200 , a heptagon, 
7· ~ 128.60 = 9000 , and an octagon, 8.1350 = 10800 • In nature these pure geometrical relationships 
are not realised. For example, the variation of the 'interfacial' angles for a hexagon ranges from 
860 to 1420 as compared with the 'ideal' 1200 (JELLETT, 1878: 102). However, the majority of the 
angles vary between 1200 and 1300 , as shown by JAMES (1920: 469) in Melbourne, and by SPRY 
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(1962: 192) at Don Heads, Tasmania. 
To evaluate the 'maturity' of a given polygo-
nal cross section both the average side number of 
a polygon and its 'interfacial' angles have to be 
taken into consideration. A 'mature' system is 
. characterised by an average side number of (or at 
Figure 7.12: Four hypotheses of the formation of Y- least close to) six and an 'interfacial' angle statis-
type triple junctions (after: AYDIN & DEGRAFF, 
1988). . tically close to ;:::::120° (with a narrow frequency 
curve and maximum at ;:::::120°). 
AYDIN & DEGRAFF (1988) identify three common intersection types in columnar joints which 
they refer to as T-, curved T- and Y-intersections. The T- and curved T-type intersections have 
their origin in orthogonal intersections and result from sequential jointing in such a way that the 
truncated joint forms after the through joint (LACHENBRUCH, 1962). The result is typical tetragonal 
polygons which are common, for instance, at surfaces of lava lakes where joints form sequentially. 
As the jointing progresses towards the flow interior the tetragonal polygon pattern becomes more 
hexagonal (GRAY et al., 1976). Hence, the Y-type intersections are common in the flow interior 
where most hexagonal polygons have 'interfacial' angles close to 120°. This 'maturation' of a 
polygonal pattern from confining surfaces towards the interior contradicts BANKWITZ'S (1978a) 
hypothesis that columnar jointing commences in a dike centre and progresses toward the dike walls 
(see page 118). 
The mechanism of the formation of Y-type intersections is not 
well understood, but there are four competing hypothesis (see Fig. 
7.12). The first two hypotheses are based on evenly distributed 
stress centres which develop on the surface of a cooling lava in a 
regular arrangement. IDDINGS (1909: 322) argues that the joints 
begin simultaneously at the midpoints of lines connecting the so-
called stress centres which then grow towards Y-type intersections. 
Contrary to this, BILLINGS (1954: 116) suggests that three joints 
begin simultaneously to grow at each Y-type intersection and ap-
proach each other from neighbouring intersections. The first two 
hypotheses differ in that they require the joints to grow in different 
directions relative to the intersections. The third hypothesis implies 
Figure 7.13: Determination of a repeated bifurcation of a growing joint into two arms at 120° to 
the jointing sequence on a stria 
with the help of surface morphol-
ogy (after AYDIN & DEGRAFF, 
1988). 
each other so that one joint always grows towards the junction and 
two joints grow away from it (e.g., BECKER, 1893; SPRY, 1962; 
LACHENBRUCH, 1962). The last hypothesis allows for any combi-
nation of growth directions and formation sequences of joints. 
DEGRAFF & AYDIN (1986, 1987) tested the four hypotheses by analysing the surface morphol-
ogy of the joint segments (see Fig. 7.13). They determined the local horizontal growth direction and 
the formation sequence of collateral joint segments at a statistically significant number of column 
triple junctions and found that the joint propagation direction changed during the overall vertical 
growth of the joints. 
121 
CHAPTER 7. PROCESSES OF JOINTING 
One interesting observation from the study of DEGRAFF & AYDIN (1987) is that all segments 
intersect at T- or curved T-types. Y-type triple junctions are either sharply curved T- or double 
T-intersections. They never found a fork-shaped triple junction or one at which three segments 
intersect along a single line. However, the authors observed all six basic types of triple junctions 
(see last diagram in Fig. 7.12; AYDIN & DEGRAFF, 1988). This means that cracks arrive at or 
depart from the triple junctions in a definite order, and no two cracks form simultaneously at the 
triple junction. 
The common observation that a joint system changes from 
tetragonal at the flow surface to hexagonal in the flow interior 
requires that (i) the triple junctions shift laterally in a flow 
from level to level, (ii) the lengths of polygon sides lengthen or 
shorten and (iii) the horizontal directions of segments change 
relative to those of previous segments on the same column face 
(AYDIN & DEGRAFF, 1988). They identified two basic ways 
in which triple junctions evolve: (i) T-type junctions that 
gradually evolve into a pseudo Y-type junction toward the 
interior as the through segments become increasingly curved, 
and (ii) T-junctions that do not evolve towards the interior, 
but stop. The combination of both processes will result in the 
observed 'maturation' of a system (tetragonal to hexagonal 
joints) and in an increasing joint spacing (or column diame-
ter) towards the flow interior. 
The question as to whether or not there exists a corre-
lation between 'interfacial' angles and side lengths of poly-
gons was investigated by WEAIRE & O'CARROLL in 1983, 
although this idea was never taken up again and substanti-
ated with more data. They noted that a linear regression 
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Figure 7.14: Construction of 'summa-
tion polygons' (after BRINKMANN, 1957: 
528). 
analysis of 855 pairs of side length, l, and the opposing angle, (}, from the Giant's Causeway gave a 
significant correlation between land (}: (} = 90 + 30l/lmean (deg), where lmean = mean side length. 
Polygonal pattern as tectonic stress indicator 
BRINKMANN (1957) argues that the shape of the polygonal cross section is influenced by the last 
movements of the solidifying lava flow. In the case of an undisturbed flow, a so-called 'summation 
polygon' ("Summenpolygon") gives a circular shape, whereas an ellipsoidal shape would indicate 
late-stage stresses accompanying the flow emplacement. He constructs a summation polygon by 
adding up the individual sides of a larger number of cross sections, keeping their original length and 
azimuth (see Fig. 7.14). To get a closed figure the added polygon sides are mirrored. BRINKMANN 
(1957) finds that many summation polygons have an ellipsoidal form showing that hexagonal poly-
gons are elongated in a certain direction. In plotting the long axes of the summation polygons 
across a lava flow a similarity with the fissure system of a glacier is noticed. At the sides of glaciers 
the long axes of the fissures point at an oblique angle opposite to the flow direction, while at the 
glacier centre they are perpendicular to the flow direction. 
The elongation of the hexagonal polygons is explained by superposition of two different stress 
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regimes; one due to cooling of a lava flow resulting in columnar jointing and an additional one due 
to a directional stress resulting from late-stage flow movements. Fracturing in the direction of the 
additional stress will occur before that perpendicular to it, so that the hexagonal polygon will take an 
ellipsoidal form, elongated in the direction normal to the latter stress direction. BRINKMANN argues, 
therefore, that the superimposed hexagonal network indicates fracturing due to flow emplacement, 
and that a statistical method, like the summation polygon, reveals clues to the movement of a flow 
during the last stages of its emplacement. 
Another statistical approach uses the concept of anisometry and isometry of polygons 
(BUDKEWITSCH & ROBIN, 1994), whereby anisometry describes a network of elongated polygons. 
For each polygon a best-fit ellipse is calculated (ROBIN, 1994). The axial ratio, r, of the major and 
minor diameter of that ellipse together with the azimuth of the major axis is plotted in a polar 
diagram, showing whether a given polygonal network has any directional preferences, or not. The 
ratio, r, therefore, is a measure of the anisometry of a network. BUDKEWITSCH & ROBIN (1994) 
find for columnar cross sections, like those of the Giant's Causeway (cf. map given in O'REILLY, 
1879), a reasonably uniform distribution of the ratio, r, and, hence, an isotropic overall jointing 
pattern. 
Modelling polygonal cross sections 
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Figure 7.15: Distribution modes of polygonal 
side numbers: (a) Voronoi (mode 6) vs. Poisson 
(mode 4) distribution, (b) examples of the side 
number distribution for some well known colum-
nar joint locations (after: PIERI, 1981) 
PIERI (1981) pointed out that there are two char-
acteristic distribution types for polygons (Fig. 7.15). 
The Voronoi-distribution (mode 6) is characterised by 
polygonal patterns formed under uniform tension or 
compression. Most of the famous columnar basalt flows 
exhibit a Voronoi polygon distribution, but tend to have 
an excess frequency at the modal value. 'Immature' 
polygonal systems have a mode of five rather than the 
ideal six. Very 'immature' systems, like the ones com-
monly found at the surface of lava flows, especially lava 
lakes (e.g., PECK & MINAKAMI, 1968), have predom-
inantly four-sided polygons. Such four-sided polygons 
are also formed by random intersections of lines on a 
plane, as seen by complex fault or joint patterns. The 
mode 4 distribution is a Poisson-distribution. 
There have been many attempts to model polygo-
nal cross sections. SMALLEY (1966) simulated the crack 
network by distribution of critical stress centres in a 
plane around which tensile stress builds up. At the in-
tersection of certain stress contours the tensile strength 
is exceeded and a crack forms. His model is based 
on Voronoi polygons centred around "randomly close-
packed stress circles". It results in a predominance of pentagons and hexagons which agrees with 
cross sections of basalt flows. However, the model produces a rather high number of seven-sided 
figures. 
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Voronoi polygons are the result of a so-called Voronoi tessel-
lation of a plane. Tessellation (from Latin tesselare: to cover with 
small mosaic pieces, tessellae) is a careful juxtaposition of some el-
ements into a pattern, like a mosaic (BUDKEWITSCH & RODIN, 
1994). Voronoi tessellation subdivides a certain area of a plane 
into polygons which are generated from a set of centres, or nuclei. 
The common border of two adjacent polygons is the perpendicular 
bisector of a line joining the two corresponding centres. The tes-
selation is characterised by the property that every point within a 
given polygon is closer to the nucleus of that polygon than to any 
other nucleus. As a general rule, all Voronoi polygon edges meet 
at Y-type triple junctions and there are no T-jundions. Rarely, 
quadruple junctions are produced, and only when four nuclei hap-
pen to lie on a single arc of a circle. 
.............. Delaunay tesselation 
-- Voronoi tesselation 
Figure 7.16: Voronoi and Delau-
nay tessellation (after: BUDKE-
WITSCH & RODIN, 1994) 
The Voronoi polygons are generated with the help of a Delaunay tessellation (Fig. 7.16), which 
essentially joins centres of contiguous polygons with lines to produce a complete triangulation of 
the plane. These lines define directions of maximum local tensile stress. Therefore, contraction 
cracks will most likely occur along directions perpendicular to these lines of tensile stress and will 
be equidistant from the two centres (SMALLEY, 1966). The stress centres are generated as a Poisson 
random distribution with the restriction that new centres are only allowed if they do not fall within 
a defined radius of all previously generated centres. This kind of generation allows only a finite 
number of centres in a plane which are randomly packed (BUDKEWITSCH & ROBIN, 1994). 
...... ,\ ........... \ I 
+, i:l+l. 
c4-. crack nucleation site 
, n Voronoi center 
+ 
As observed at the surface of lava lakes, the initial crack network 
does not 'appear' suddenly at a certain stress level but evolves grad-
ually; initial cracks release the local tensile stress which restricts the 
location of potential centres of subsequent cracks. An initial crack 
network at the surface evolves gradually from one incremental level 
to the next (GRAY et al., 1976). This evolution is documented by 
slight changes in orientation and width of column faces along their 
length (DEGRAFF & AYDIN, 1987; AYDIN & DEGRAFF, 1988). 
BUDKEWITSCH & ROBIN (1994) propose an algorithm to model 
+ n centroid (n+1 Voronoi center) 
the stepwise evolution of polygonal patterns, from the flow surface 
Figure 7.17: Principle of Vo- inwards. This Voponuce algorithm (Voronoi polygons nucleated 
ponuce algorithm (after: BUDKE- on the centroid; Fig. 7.17) is based on the assumption that the 
WITSCH & RODIN, 1994}. 
location of the nuclei or centres shifts during the 'maturation' pro-
cess resulting in changing lengths and orientations of polygon sides. 
The process allows small columns with less than six sides to grow at the expense of adjacent larger 
columns with more than six sides, resulting in an overall tendency for all columns to have six sides. 
This means some polygons may lose or gain sides along their length (or during growth increments). 
Often very narrow column faces are 'consumed' by two adjacent column faces, and hence disap-
pear completely. However, once a polygon has a hexagonal form it tends to remain six-sided. To 
obtain an ideal hexagonal arrangement some hundred or thousand crack increments are required. 
Obviously, this will not be realised for even the tallest columns (see Section 7.2.6 on 125). Each 
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iteration of the algorithm corresponds to a crack growth increment. To monitor the system, the 
authors introduce a maturation parameter, the hexagonality index, XN, of a polygonal pattern: 
XN = J(J5 + h) + 4(J4 + is) + 9(h + i9) + 16ilO + 25i11 + ... (7.2) 
where: iN = fraction of n-sided polygons in the crack network. The hexagonality index depends 
upon the maturity level of the system on which the observation is made. With the model a large 
number of levels may be monitored, whereas in nature normally only the level of exposure is 
observed. In their investigation, values for XN range from 1.33 in immature Poisson-centred polygon 
patterns to 0.54 in mature model patterns. Polygonal patterns in basalt flows give a range of XN = 
1.30-0.78 and n = 4.88-5.86, respectively. An ideal hexagonal pattern will have a hexagonality index 
of 0 (Eq. 7.2), implying that in a columnar basalt flow XN tends towards zero during progressive 
cooling. 
7.2.6 Striae 
The characteristic horizontal banding across the column face was recognized early on but without 
receiving a satisfactory explanation. COOK (1884) was apparently the first to describe this feature in 
the John O'Rourke's quarry in New Jersey comparing it with a layer of bricks (in: IDDINGS (1886: 
329). IDDINGS (1886: 329) stressed that the banding is not always horizontal, but sometimes 
curved, and appears "more like rude chiseling." SOSMAN (1916) described "feather-patterns" on 
some basalt prisms the origin of which he attributed to contraction of a homogeneous solid. JAMES 
(1920: 463) apparently had the same impression of the horizontal banding as IDDINGS (1886) since 
he refers to these markings as "chisel structure" 36. He also noted that the "chiselings" curve in 
different directions and, more importantly, explained the banding as representing successive stages 
in the formation of columns. This important idea implies also that the step-like manner of fracture 
advance requires a strain accumulation and its sudden release to form the next band37 . 
Correlation with overall flow structure 
The stria width varies from 2 to 40 cm in basalt flows (RYAN & SAMMIS, 1978) on column faces 
20 to 200 cm wide. This means the striae have a thickness of 5-20% of the corresponding face 
width. For reasons not yet satisfactorily explained striae are less common in upper colonnades and 
entablatures. In the lower colonnade they do not occur right at the base but start at a certain 
distance from it. The production of the stria is a violent process as observed by loud cracking 
noises as one walks across a solidifying lava lake (PECK & MINAKAMI, 1968). Hence, the opening 
of thermal stress cracks is accompanied by elastic waves which are clearly audible (MACDONALD, 
1967: 40). 
The positive correlation of growth increment with joint spacing is inversely correlated with the 
cooling rate. Faster cooling with a higher temperature gradient will produce smaller joint growth 
increments and joint spacings. Plotting the cumulative joint length against growth cycles at different 
36 "The horizontal lines are found along the whole length of the columns and between them are peculiar irregularly 
curved lines similar to those made by roughly chiseling wood." 
37See, for instance, TOMKEIEFF (1940: 130): "The jointing will also proceed 'staccato-wise'-accumulation of 
stress-release-another accumulation-another release, etc. This will give rise to the banded 'chisel structure' ". 
125 
CHAPTER 7. PROCESSES OF JOINTING 
lava flow locations, DEGRAFF & AYDIN (1993) found that the overall slope and shape of curves 
are similar for anyone side but usually different from those of other sides. The curves reflect the 
thermal regime and lava properties unique to a given side (DEGRAFF & AYDIN, 1993). The curves 
are slightly concave upwards which indicates a systematic increase of the average growth increment 
with distance from the flow base. Thermomechanical modelling by REITER et al. (1987) confirms 
the increase of fracture length with time, showing a smooth increase in the length of successive 
incremental fractures. Due to greater cooling towards the interior the potential fracture length 
increases as the tensile strength ofthe material increases. Conductive models (e.g., GROSSENBACH 
& McDuFFIE, 1995) predict a linear increase in striae width away from the margin. Contrary 
to RYAN & SAMMIS (1981) who suggest that the dimension of column-stria pairs depends on the 
overall cooling rate and thermal gradient, GROSSENBACH & McDUFFIE (1995) relate it to local 
values at the time and place of fracture. 
The positive correlation between the joint growth increment and column face width with a ratio 
of 1:8 in rocks of various, but mostly basaltic, compositions led DEGRAFF & AYDIN (1993: 6414) to 
conclude that rock composition is not the primary factor controlling the ratio of growth increment 
to column face width. However, the study of joint patterns in the Columbia River Basalt flows 
by BEESON et al. (1987) suggests that the composition (especially varying MgO contents) among 
other factors such as viscosity, flow stresses, and environment, plays a primary role in the resulting 
jointing style. 
Surface morphology of striae 
There is general agreement that these nearly horizontal bands (or "Ringe, Knicke" in German; 
BANKWITZ, 1978a) are the product of incremental growth of columnar joints, and that the edges of 
the bands are temporary arrest lines for the growing joint. On fresh joint or unweathered column 
surfaces such a horizontal band is characterised by a striation pattern (RYAN & SAMMIS, 1987). 
A single striation is a compound feature composed of a small smooth and a thick rough zone. 
Since the rough zone is produced by the temporary arrest near the melt interface, the orientation 
of both zones indicates the direction of crack advance; within a striation the smooth zone forms 
first and then the rough one. Investigations by RYAN & SAMMIS (1978) showed that the striae are 
not related to any flow lineation, if present. The fracture surface is characterised by a microrelief 
in which the narrow rough zone forms a raised, textured ridge 1-5 mm in height above adjacent 
smooth zones. Furthermore, on many unweathered column surfaces the smooth zone has a plumose 
structure (DEGRAFF & AYDIN, 1987), a series of raised diagonally curved lineations across the 
surface, from one rough zone to the other. This lineation commences at a common point, runs first 
normal to the column axis but then quickly curves into the direction of the column axis until it 
stops at the next rough zone (see Fig. 7.13 on page 121). The plumose structure strongly resembles 
fracture lances (SOMMER, 1969) in glass, which preserve information about the relative motion 
during the fracture process. 
DEGRAFF & AYDIN (1987) investigated different surface morphologies created by mode-I load-
ing and by a combination of mode-I and mode-III loading. They assumed a homogeneous and 
isotropic material with randomly distributed flaws which locally concentrate the strain. Flaws are 
inhomogeneities in the material, like voids, large grains, phenocrysts, etc., and can readily be iden-
tified as irregularities at the crack surface~ Increasing stress in the conventional z-direction {=o-z, 
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with ax = ay; see discussion on page 128 for assignment of normal stresses and principal stresses) 
eventually causes a crack to nucleate at those flaws which are favourable in terms of size, shape, 
and orientation. When a propagating crack front splits into unaligned partial fronts, hackles (or 
lineations) will form. These are radial to the origin, perpendicular to the crack front and parallel 
to the local direction of crack propagation. Depending on the fracture type a characteristic sur-
face crack pattern results. For instance, a crack caused by tension will give a symmetric plumose 
structure, whereas a crack caused by bending will typically show an asymmetric plumose structure 
or half plume (cf. with Fig. 4 in DEGRAFF & AYDIN, 1987). The velocity of crack propagation 
decreases from a maximum at the centre (location of the flaw) to a minimum at the crack surface, 
and is accompanied by a marked change in propagation orientation, as described above. 
RYAN & SAMMIS (1978) suggested a similar model for the production of fracture lances. Com-
paring basaltic crack surfaces with the ones produced experimentally in glass (SOMMER, 1969), 
and analysing the results of interaction of mode-I, mode-II, and mode-III loadings (based on LAWN 
& WILSHAW, 1975), they too found that natural fracture lances originate by mixed mode-I and 
mode-III loading. 
However the overall columnar jointing is a result of a mode-I loading. Local inhomogeneities in 
the stress field will result in contribution of mode-II and/or mode-III loading resulting in rotation 
or break-up and segmentation of the crack plane. These mixed loadings therefore, are attempts to 
re-establish a pure tensile fracture (e.g., ERDOGAN & SIR, 1963; SOMMER, 1969; RYAN & SAMMIS, 
1978). 
The form and orientation of the plumose structure38 allow relative sense of jointing direction to 
be determined. The structure can thus be used to determine the sequence of polygon-face opening. 
RYAN & SAMMIS (1978) found that the fracture events which form the polygonal faces at a given 
jointing increment are not synchronous, but sequential. This is substantiated by the orientation 
of the plumose structure and its origin. The direction of crack propagation in individual striae, 
when compared along the column face, changes in an irregular manner. Two more observations 
on the crack surfaces are useful for determining the jointing direction. First, two successive crack 
planes may remain in the same propagation plane (coplanar) or may diverge slightly from each 
other (non-coplanar). In the latter case the two overlapping crack planes make a characteristic 
'j'-shape profile. For basal columns (joint growth direction is upwards) the lower edge of one crack 
plane is always curved and the upper edge is always straight. The second observation relates to 
the crack origin, all origins are at the intersection of their striae with the adjacent one. Moreover, 
they are located consistently on the same side of their striae, i.e., for upward growing joints the 
crack origins will always be on the lower side of the striae. The situation is opposite for downward 
growing jointings. 
DEGRAFF & AYDIN (1987) summarised the criteria for determining the overall growth direction 
of columnar joints from their surface features: 
1. the larger part of the plumose structure is on that side of the plume axis which points in the 
direction of the younger cracks, or in the overall joint growth direction; 
2. the origin of a new crack is on the edge of the older one; and 
3. viewing the bandings in profile, the straight blind termination of cracks point in the joint 
growth direction. 
38In the following the term plumose structure will be used instead of the synonymous fracture lances. 
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7.2.7 Thermo-mechanical considerations 
Several models have been used to investigate factors controlling the incremental jointing and joint 
spacing (REITER et al., 1987; DEGRAFF & AYDIN, 1993; GROSSENBACH & McDuFFIE, 1995). 
Most of these studies involve simplified cooling and thermal stress models for horizontal lava flows 
that cool by conduction and aqueous convectio,n. However, in the first instance, it is important 
to understand why columnar joints occur in certain flows or domes and why they are completely 
absent in others. To answer this question fracture mechanics criteria must be used. 
Throughout the thesis the following nomenclature is used for stress components(RAMSAY, 1967). 
To describe the state of stress in a mathematical sense a coordinate system with perpendicular axis 
x, y, and z is used, parallel to which the normal or direct stresses (JX, (Jy, and (Jz, respectively, act. 
The direct stresses can be either tensile (having a positive sign), or compressive (having a negative 
sign). If the character of the direct stresses is resolved they can be assigned to the conventional 
principal stresses, (JI (= compression), (J2, and (J3 (= tension). 
As described previously, jointing starts at the flow surfaces and progresses inwards under the 
right conditions. The prefracture stresses at the crust may be calculated given certain assumptions. 
Modelling simple flows has the advantage of neglecting the vertical thermal stress component (Jz 
= 0) since the upper and lower crusts of a lava flow are free to contract vertically during cool-
ing. However, the flow surfaces are mechanically constrained with respect to lateral contraction 
and bending so that horizontal tensile stresses build up. Assuming that a solidified lava flow at 
temperatures below the solidus temperature, Ts, is linearly elastic and mechanically homogeneous, 
isotropic, and independent of temperature, the two prefracture stresses, (Jx and (Jy, in a lava crust 
are given by (DEGRAFF & AYDIN, 1993: 6417) as: 
aE[Ts - T(z)] 
(Jx = (Jy = , for z :::; Zs I-v (7.3) 
where a = thermal expansion coefficient, E = Young's modulus, v = Poisson's ratio, z = distance 
from a cooling surface, and Zs = distance from the cooling surface to the solidus isothermal surface. 
A positive stress value indicates tension. At the solidifying flow surface the temperature drop will 
be greatest and, hence, at flaws within the crust the prefracture tensile stresses will be greatest. 
Further cooling increases the stress at a flaw and eventually exceeds the tensile strength of the solid 
lava, the flaw will propagate as a joint. The stress concentration at an infinitely sharp edge of a 
joint is given by the mode-I stress intensity factor, KI (e.g., LAWN & WILSHAW, 1975). On the 
other hand, the resistance to fracture of a material is described by the fracture toughness, K 1c . 
These two parameters are commonly used as fracture criterion; if KI > Klc a joint propagates, and 
if KI < Klc then a joint does not propagate. For an edge joint loaded uniformly by tensile stresses 
normal to its surface, KI is given by (LAWN & WILSHAW, 1975): 
(7.4) 
where c is the joint length. 
Very little of the necessary data for rhyolitic rocks is available in the literature. SAKUMA (1953) 
investigated the elastic and viscous properties of obsidian, andesite, and vitreous silica by three-
point-bending tests in the temperature range from ambient to lOOOoe. Up to ca. 6000 e Young's 
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Table 7.3: Parameters used for fracture mechanical analysis. All parameters are for obsidians. 
Reference 
BIRCH & BANCROFT (1939) 
SAKUMA (1953) 
SKINNER (1966) 
ERICSON et al. (1975 
WOHLETZ & HEIKEN (1992) 
GERTH & SCHNAPP (1996) 
Young's modulus, E Poisson's ratio, v 
[GPa] 
65.6 0.08 
73 
65.2, 71.8 0.17, 0.18 
74.7 
expansion coefficient, 0: 
[x10-6 °C-1] 
8±3 
6.16 
modulus hardly changed and has a value of ca. 73 GPa. SAKUMA (1953) also reported a slight 
dependence of Young's modulus on the flow structure. Similar values for Young's modulus are 
reported by GERTH & SCHNAPP (1996). They investigated the mechanical properties of natural 
glasses at room temperatures using indentation methods. Obsidians from Argentina, Armenia, 
Turkey, and Iceland yield reduced Young's modulus values between 70 and 75 GPa with an average 
of 74.7 G Pa. Using the same analytical method they also determined the fracture toughness for 
these samples, ranging from 1.3 to 1.7 MN/m1.5, with an average of 1.62 MN/m1.5. Table 7.3 
summarises the previous values and lists additional data. 
Thermal stresses at the surface and base of a rhyolite flow, as calculated by Eq. 7.3 using 
averaged values [a = 8· 1O-6 o C-1, E = 74.7 GPa, v = 0.17, Ts = 780°C, T(z)top = 20°C, and 
T(zhase = 4100 q, are ca. 547 MPa and ca. 266 MPa, respectively. These values compare with 
485 MPa and 157 MPa for thermal stresses at the surface and base of a basalt flow, respectively, 
as calculated by DEGRAFF & AYDIN (1993). Setting KJ = KJc gives the critical joint length at 
which the joint begins to grow continuously with its tip at the solid-melt interface. 
7.2.8 Characteristic columnar pattern in lava domes 
This section explores the columnar patterns that characterise certain parts of domes. Byestablish-
ing characteristic columnar structures in the field and comparing them with theoretical models, it 
should be possible to identify the parts of the dome they represent. Using the two-dimensional cool-
ing model as described in Section 8.5 on page 154 the overall path of a migrating cooling isotherm 
can be used to determine the resulting columnar structure. The dome dimensions are given in the 
figures and the following parameters are the same for all models; chemical composition of sample 
NQ-24, initial magma temperature = 850°C, glass-transition temperature = 730°C, spherulite con-
tent = 40 vol-%, phenocryst content = 10 vol-%, grain density = 2.33 g/cm3 , magma density = 
2.3 g/cm3 , and a geometrical factor, 'Y, of 0.78. 
As described previously, the isotherm of the glass-transition temperature, Tg , determines the 
overall growth pattern of columnar joints. Jointing commences at all confining surfaces and is 
thought to grow perpendicular to the migrating isothermal plane. The model does not take dome 
features like underlying breccia or a pumiceous carapace into consideration but solely explores the 
overall and complex columnar joint pattern assuming the 'right' growth condition for the entire 
dome. Furthermore, the column spacing given in the following figures is arbitrary and does not 
imply true dimensions. The model further assumes an 'instantaneous' dome emplacement and an 
undisturbed cooling by conduction only. 
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First, the simple case of a single dome is examined, and then more complex examples of two or 
more domes in different temporal and spatial relationships are considered. In all figures only the 
Tg-isotherms at certain distinct time steps which are used to establish the overall columnar pattern 
are given. In the more complex cases, only new and interesting patterns are drawn. If a pattern is 
not indicated, it is as given in previous figures. 
Columnar pattern of a single model dome 
The cross section of a low lava dome, as pic-
tured in fig 7.18, reveals some very characteris-
tic patterns. A cross section of the vent gives 
the typical radiating columnar pattern as seen in 
some circular dikes (e.g., The Rock and Spindle 
near St. Andrew's; BONNEY, 1899: 154). Col-
umn growth commences at the vent or dike walls 
and follows the cooling surface towards the vent 
centre. At the top and bottom surface of a lava Figure 7.18: Cross-section of a low lava dome. Dashed 
flow, the number of joints decreases towards the lines indicate isothermal planes at stated time-steps; 
interior, depending on cooling rate, thermal gra- solid lines give columnar joint patterns. 
dient, and, hence, changing tensile stresses. Al-
though the feeder of a dome is 'active' until the entire dome is emplaced, overall columnar growth 
in the vent terminates relatively quickly. This is due to the small diameter of the vent and, hence, 
quicker cooling below the glass-transition temperature. 
Figure 7.19: Cross-section of a 
vent along the line A-B in fig 7.18 
revealing a typical radiating pat-
tern of the columns. 
The initial more or less horizontal orientation of straight 
columns in a vent gradually becomes more and more curved. At 
low levels in the vent only the last-formed column parts in the vent 
centre show an upward curvature, but at higher levels the entire 
column will be curved. In the volcanic neck a characteristic in-
verted fan pattern is produced in which the columns point toward 
the thermal centre of the dome (Fig. 7.18). This inverted fan is 
constrained by the thermal centre above and the more rosette-like 
pattern beneath it. HUNT studied this structure in the Mt. Taylor 
Field (HUNT, 1937) and tried to explain its origin by reconstruct-
ing the stress distribution due to temperature gradients (HUNT, 
1938). SPRY (1962: 211-213) examined the volcanic neck structure 
of Devil's Tower and found that a thermal cooling model, as pro-
posed by JAEGER (1964), cannot account for such a structure. Only 
by varying the vent and flow dimension such that the thermal centre moves higher up above the 
vent (similar to the situation shown in Fig. 7.20) as compared with the cooling model by JAEGER 
(1964) could the columnar neck structure be explained. 
The curvature of columns in the inverted fan gradually changes to the opposite direction from 
the vent area to the flanks of a dome. As can be seen in Fig. 7.18 this mirroring of the column 
curvature involves S-shaped and sometimes double S-shaped column forms. The progressive cooling 
from the upper dome surface and from the lower surface at some distance from the vent results in a 
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herring-bone like pattern (see Fig. 7.18) in which the inwardly pointing column tips bend toward 
the thermal centre. 
Dome dimensions: Isotherm definition: 
Height x Radius = 100 x 200 m 1, 3, 5, 10, 15 yrs, 730 degOC 
Vent = 80 m Vent = 50 m Vent = 20 m 
Down ...... --- Thermal centre • Up 
Shallower. Curvature gradient --------.. Steeper 
of columns In neck 
A similar structure resulting from a 'hot 
spot' in a lava flow is described in IDDINGS 
(1909: 323). Depending on the degree of 
later erosion, very different column dips 
may be measured within a close distance, 
but the overall joint orientation of central 
columns will be perpendicular to the dome 
outline and, hence, they fan towards or 
away from a common centre. 
Varying the vent diameter will re-
sult in a shift of the thermal centre and, 
therefore, in a changing curvature gradient Figure 7.20: Variation in vent diameter results in a shift of the 
thermal centre which has a pronounced effect on the curvature of the columns forming the inverted fan in 
gradient of columns in a volcanic neck. a volcanic neck. In a dome with a relatively 
narrow vent diameter, the cooling isotherm 
soon closes over the vent area pushing the thermal centre upwards. Because of the higher location 
ofthe thermal centre the columns of the inverted fan will be very steep, almost vertical (Fig. 7.20). 
A wider vent will have the opposite effect; the thermal centre shifts downwards resulting in less 
steeply curved columns in the volcanic neck. 
Variation of the aspect ratio of a dome (dome height 
vs. dome radius) does not change the overall colum-
nar pattern, but has implications for the form of the 
thermal centre in its last stages and the occurrence of 
straight column parts growing from the lower dome sur-
face. In Fig. 7.18 a number of columns growing from 
the dome base are straight for a certain distance be-
fore curving to the thermal centre. Fig. 7.21 shows an 
equi-dimensional dome in which the lower columns are 
curved almost from initiation. With increasing aspect 
ratio of the dome the form of the last stage cooling 
isotherm shifts from ellipsoidal to more circular, and 
Isotherm definition: 
T = 730deg C 
1, 3, 5, 7, 10, 15 yrs 
Figure 7.21: Cross-sections of an equi-
this is especially pronounced in lobes protruding from dimensional dome. 
a dome. Since dome lobes lack a feeder and often have 
a more or less circular cross section their cooling isotherms will be roughly circular in shape re-
sulting in a fanning columnar structure on cooling in which the columns radiate toward a common 
centre. The principal structure is therefore the same as the rosette in a vent, but on a much larger 
scale, and occurring in a vertical cross section in contrast to the generally horizontal orientation of 
vent cross sections with this pattern. This large-scale rosette of a dome lobe is often accompanied 
and accentuated by. a so-called 'onion-skin' structure. 
Apart from the overall columnar pattern of a dome, the cooling model also allows an estimate 
of the time needed to form such columnar patterns. For instance, the Tg-isotherm in the dome 
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illustrated in Fig. 7.18, with the stated dimensions, has reached the dome centre after 16 or 17 
years implying that at this time the process of columnar jointing is completed. However, the main, 
central part of the dome is still at a temperature of> 700°C. It should be remembered that this 
simple cooling model is based on a number of assumptions and does not account for local deviations 
in the cooling pattern. Nevertheless, the jointing process, as observed at basaltic lava lakes, is fairly 
rapid (e.g., PECK & MINAKAMI, 1968) and the overall time-frame, as determined by the cooling 
model, gives a good first-order estimate of the jointing duration. 
More complex cases 
Fig. 7.22 illustrates the situation for two 
domes which are simultaneously emplaced at a 
distance from each other so that they partially 
overlap. On cooling the two domes develop com-
mon cooling isotherms and, therefore, behave as 
a single entity. The lower columns in the centre 
of the overlapping part of the dome are straight, 
and their tips diverge towards the appropriate 
thermal centres. The upper columns in the part 
where the two dome surfaces meet form a fan-like 
structure before changing their orientation to the 
'normal' situation for a single dome. 
Fig. 7.23 shows the situation III which a 
second dome erupts after a previous dome and 
pushes the former dome in such a manner that it 
interferes to a large extent with the still melt-like 
interior of the earlier dome. This mutual inter-
ference of internal dome parts with temperatures 
above the glass-transition temperature results in 
a common cooling history for the two domes. The 
overall path of the migrating cooling isotherm 
will, therefore, be the same as in the previous 
case of the two simultaneously emplaced domes 
resulting in the same columnar pattern as given 
in Fig. 7.22. 
Isotherms after 
1. 2, 3, 5, 7, and 
9 years at 730 °0 
1 
.1 
1 
1 
1 
Figure 7.22: Two simultaneously emplaced domes 
overlapping each other develop a common cooling his-
tory. 
Isotherms after 
2,3 and 4 
years at 730°C 
Figure 7.23: A second dome erupts after a certain time 
after a first one and partially interferes with it. Both 
domes develop a common cooling history. 
However, if a second dome erupts after cooling of the earlier dome it will partially overlap it 
without interfering, and the second dome will have its own cooling history (Fig. 7.24). Since the 
cooling isotherm of the first dome had already migrated inwards before the second dome erupted, 
its path is not disturbed and the overall columnar pattern will be the same as for a single dome. 
In the second dome the path of the cooling isotherm will determined by its shape and so is the 
resulting columnar pattern. In the example depicted in Fig. 7.24 the thermal centre shifts slightly 
to the right and away from the vent which results, for instance, in overturned columns in the neck 
area. 
132 
An interesting structure results from a situa-
tion in which a second dome sits on top of an ear-
lier dome and has the same feeder (Fig. 7.25a). 
Again, the overall cooling determines the shape of 
the structure. The second dome 'interferes' with 
the first one only in the area of its feeder but in 
such a way that both domes develop a common 
isotherm for that time, until the temperature in 
Isotherms after 
2,3, andQ 
years at 730 DC 
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the 'bottleneck' drops below the glass-transition Figure 7.24: A second dome erupts after cooling of 
temperature. After that period, both structures the first dome and leans onto the previous dome. Both 
cool independently of each other (apart from the domes develop their own cooling history. 
fact, that the lower dome provides some insula-
tion for the upper dome). However, the period of common cooling results in a mirrored fan-like 
structure in the 'bottle-neck' with a mirror plane just below the interface of the two domes. Finally, 
a situation of three domes (Fig. 7.25b) shows that the columnar pattern in the overlapping domal 
parts can be very complex and often can not simply be derived by the geometric construction rule 
that the column orientation is perpendicular to the isothermal plane. 
Modelling of columnar structures in a single dome or in two or more domes close to each other 
provides characteristic patterns which are indicative of certain dome parts or "interference" struc-
tures. These patterns can be used to identify columnar structures in the field and are particularly 
valuable in cumulo-dome complexes. If these complexes experienced erosion, such as to leave expo-
sures of incomplete dome parts, the patterns derived by the models may identify these parts and 
may help to reconstruct (to a certain extent) the original relationship of the cumulus domes. 
7.3 Summary 
The emplacement and cooling of lava flows, domes, or coulees is associated with mainly joints and 
minor fractures. 
Sheet joints are commonly found near the margins of a lava flow generally running parallel to 
these margins. They are of two types: 
• sheet joints due to rapid cooling of the flow surface resulting in different lithologies and, hence, 
in contraction differences. The maximum stresses build up normal to the flow surface and are 
released perpendicular to it . 
• sheet joints due to shearing stresses between individual flow layers. In general, the orientation 
of this joint type coincides with the first type. Only if the orientation of the local flow layering 
does not follow the flow boundaries will the two sheet joint types be at an angle to each other. 
A special case of the second type of sheet joints is found in the so-called 'onion skin' structure 
which generally occurs in the central parts of dome lobes. Here, the flow layers follow planes as 
seen in the single skins of an onion. 
'Pseudo-columnar' joints result from the interaction of two or more long joint systems, 
forming angles to each other. In each of the joint systems joint surfaces run parallel to each other. 
Depending on the number of joint systems involved, "pseudo" columns generally have a constant 
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number of polygonal sides in cross section, and are characterised by through-going long joints not 
unique to one column. 
'True' columnar jointing is the result of 
cooling of a volcanic edifice (dome, flow, dike, 
etc.) . During cooling thermal tensile stresses 
build up. Fractures start at flaws in the flow 
surface when stresses due to thermal contraction 
exceeds the yield strength of the rock. The ini-
tial fractures propagate inwards as joints, but can 
only continue to do so where the rock has cooled 
below the glass-transition temperature. Initially, 
the joints at the flow surface form a network 
with dominantly four-sided polygons. This is the 
result of numerous heterogeneities at and near 
the flow surface. Towards the interior the over-
all physical and thermodynamical conditions be-
come more homogeneous and this is reflected in 
a more even stress distribution. Therefore, the 
four-sided polygonal pattern of the flow surface 
changes to more six-sided columns toward the 
flow interior. This process is also known as 'mat-
uration' of the network system. Various num-
bers describe the 'maturity' of a polygonal cross 
section at a given level within a columnar flow, 
for instance, the average side number of polygons 
(tends to six) or the hexagonality index (tends to 
zero). 
a 
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Figure 7.25: Some more complex situations: (a) the 
second dome emplaced onto a previous one having the 
same feeder; and (b) three domes in close proximity. 
The growth of columnar joints is a step-like process, closely following the glass-transition 
isotherm to which the columns are perpendicularly oriented. One growth cycle involves stress 
build-up, joint initiation and joint growth, until the joint hits the solid-melt interface, at which 
point the joints arrest, until further cooling and solidification of the melt allows stress to build up 
and further development of the joint. Such a growth cycle finds its expression in the characteristic 
surface morphology of the column face. Each joint growth step produces a stria normal to the 
column axis, showing a thick rough and thin smooth part. The thicker part is always on the side of 
the stria that points in the overall joint growth direction. In addition, the stria has a characteristic 
plumose structure and pattern. The point of origin of the plumose structure of each stria is always 
located on the edge of an older stria. If seen in profile, the stria often forms a 'j'-shape, whereby 
the straight blind termination of the crack points in the joint growth direction. 
Column diameter and stria width are related to each other and to the cooling rate; faster cooling 
promotes thinner columns with smaller stria width, with the stria width usually 5 to 20% of that 
of the column diameter. 
In fracture mechanics a commonly applied fracture criterion is KI > K 1c , when the stress 
concentration at a joint edge (as described by the mode-I stress intensity factor, K 1 ) exceeds the 
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material-dependent resistance to fracture (as given by the fracture toughness, Klc). A joint stops 
developing when KI < Klc. 
The orientation of columns is closely related to the edifice geometry, as well as to the local 
orientation of the migrating cooling isotherm. In general, the columns are oriented normal to the 
cooling isotherm and, hence, normal to the bounding flow surfaces. Local ingress of water along 
master joints alters the established cooling isotherm surface and, therefore, produce local variations 
in column patterns, such as fans. 
A simple two-dimensional cooling model allows the study of migrating cooling isotherms and 
overall columnar joint patterns. Several case studies of one dome as well as two or more domes 
in different temporal and spatial relations reveal joint patterns which are characteristic of certain 
parts of the dome. These patterns may help to identify parts of a dome or flow in eroded cumulus 
dome settings. 
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Chapter 8 
Morphologies, structures and 
lithologies of rhyolite domes 
In this chapter various aspects related to lava dome structures are discussed. Firstly, lava dome 
morphologies and resulting dome types, as well as dome surface structures, are investigated. Then 
the transition from explosive to effusive emplacement style is discussed, with the main emphasis 
on conditions leading to an effusive eruption and dome growth. Characteristics of endogenous and 
exogenous dome growth are outlined. The internal structure of lava domes is discussed in terms 
of flow foliation and the lithological variations encountered in lava domes. The different lithologies 
and their distribution are the result of cooling and vesiculation processes, as well as the rheological 
behaviour. An extension of MANLEY'S (1992) cooling model is proposed which allows the two-
dimensional cooling of individual and multiple domes to be studied. Superimposing the results of 
cooling modelling with the distribution of lithologies allows estimates to be made of the probable 
onset of crystallisation and the overall cooling time. Furthermore, outlining cooling isotherms 
within the dome helps to reconstruct likely jointing patterns. 
The discussion of dome growth, morphology, and internal structure is based on well-documented 
case studies at Mount St. Helens, Obsidian Dome (Long Valley, USA) and La Soufriere (St. Vincent, 
Caribbean) as well as a number of recent laboratory simulations. 
Vesiculation and degassing processes related to dome building events are incorporated into the 
discussion. Those processes related to explosive eruptions resulting in the formation of pyroclastic 
deposits are not dealt with. The kinetics of vesiculation and gas-melt phase separation are also not 
investigated in the thesis. 
8.1 Dome types and morphologies 
Lava domes are a widespread feature of highly silicic volcanic provinces and three main modes of 
occurrence are distinguished (WOHLETZ & HEIKEN, 1992): 
.. calderas: as pre caldera tumescence, ring ,fracture volcanism, or resurgent volcanism; 
• composite cones: as vent plug, flank intrusion/extrusion, or parasitic structure; and 
.. rifts and grabens: as rift-filling dome complex, horst extrusion or along rift margin lineaments 
Domes show a variable morphology despite their rather simple geometric structures. Depending 
on the underlying slope and conduit geometry, the shape of lava domes in plane view may be 
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circular to highly elongate. Cross-sections of lava domes may be very flat, hemispherical or conical. 
Lava dome surfaces may show different characteristics such as smooth, fractured, folded, spiny, or 
platy and blocks on the dome surface may show different lithologies and textures, a wide range of 
angularity and size as well as colour (FINK & GRIFFITHS, 1998). As a first order approach, silicic 
lava domes may be subdivided into two main types: (i) lava domes s.s. which are extrusions of 
magma piling up around a vent and (ii) cryptodomes which are high level intrusions that cause 
an up-doming of overlying strata (MINAKAMI et al., 1951). It is the first type that is the subject of 
discussion in this chapter, while characteristics of the latter type have recently been discussed by 
GOTO & MCPHIE (1998) who studied the structure of a cryptodome (Momo-iwa dome) on Rebun 
Island, Japan. The internal structure of a cryptodome is concentric and consists of three zones: a 
massive core, a flow-banded rim and a brecciated border. The flow banding of the rim outlines the 
dome shape, forming an 'onion-skin' pattern. In addition, a very well developed radiating pattern 
of columnar jointing is present throughout the entire cryptodome. The internal structure of the 
Momo-iwa cryptodome is similar to structures of subaqueous silicic lava lobes (e.g., FURNES et 
al., 1980; YAMAGISHI & DIMROTH, 1985). An example of a more complex internal structure of 
intrusive rhyolites encompassing several magma pulses is found at Izumiyama, Saga Prefecture, 
Japan (HAMASAKI, 1994). 
WILLIAMS (1932) suggested that the dome shape depends primarily on total erupted volume, 
eruption rate, rate of solidification and local topography. Different eruption rates would give rise to 
exogenous and endogenous dome growth (see Section 8.3) as well as plug domes. He also stressed 
the role of fracturing on the final dome morphology and the tendency for explosive eruptions. 
8.1.1 Classification of lava domes 
On the basis of morphological characteris-
tics BLAKE (1990) classified lava domes into four 
types (Fig. 8.1) in which the dome morphology 
is thought to be directly controlled by physical 
properties of the lava. The main characteristics 
of the four types are summarised in the follow-
ing, which is based on the description of BLAKE 
(1990): 
Upheaved plugs: If the extruding lava is vis-
cous to such a high degree that it does not deform 
upon emerging from the vent upheaved plugs are 
formed. The radius of the plug equals that of 
the vent. This dome type is rarely found since 
the structure readily collapses. Examples are the 
O'Usu dome, Japan (BLAKE, 1990) and the plug 
domes of Santa Maria, Guatemala, and Galung-
gung, Java (WILLIAMS, 1932). 
+ + 
+ 
+ 
+ 
+ 
UPHEAVED PLUG 
© 
~ + + + 
LOW LAVA DOM E 
PELEEAN DOME 
COULEE 
Figure 8.1: Cross-sectional sketches of the four dome 
types of BLAKE (1990; reproduction of his Fig. 1). 
PeIean domes: This dome type was named after the dome formed during the 1902-1903 eruption 
at Mont PeMe, Martinique (e.g., WILLIAMS, 1932). Its dome morphology is dominated by char-
acteristic talus slopes giving the dome a conical shape. Spines protrude from the dome summit 
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which readily disintegrate and then contribute to talus slopes of crumble breccia. Collapse of dome 
segments may result in devastating nw§es ardentes (e.g., PERRET, 1937). 
Low lava domes: These domes are characterised by smooth and gently rounded profiles and their 
growth is probably due to endogenous growth. The low profile of these domes is the result of lower 
viscosities than those responsible for the formation of Pelean domes. 
Coulees: Coulees are transitional between low lava domes and lava flows and are often the result 
of flowage of a highly viscous flow on a gently inclined surface. The transition from equant lava 
dome to coulee (or elongate flow) for lava with Bingham rheology on a slope, 8, occurs when the 
dome radius, rd, satisfies the inequality rd > TO/(pg sin2 8) (BLAKE, 1990). 
8.1.2 Large-scale structure on silicic dome and flow surfaces 
Silicic lava flows and domes, not buried or eroded, may show quite a range of surface structures 
ranging from surface folds and pumice diapirs to crease structures. Few lava flows combine all of 
these feature, but Little Glass Mountain, California, is one example, and the description of the first 
two structures is largely based on this rhyolite flow (FINK, 1984). 
Surface folds are extensive anticlinal ridges which are parallel to flow fronts and stretch from 
margin to margin. They form when the viscosity of a lava flow decreases with depth and the melt 
is subject to sufficiently strong compressive stress. FINK (1980) used these regularly spaced folds 
to estimate viscosity differences between flow interior and exterior (see section 4.7). 
Pumice diapirs appear on the flow surfaces as regularly spaced, circular to elliptical outcrops 
of scoriaceous pumice ranging up to 30 m in diameter. They rise from the flow interior or flow base 
due to density contrasts resulting from the stratification of pumiceous zones within the flow. 
Crease structures are fractures up to 5 m deep consisting of curved walls that extend outward 
from a linear valley. Adjacent crease structures are generally aligned in an en echelon fashion and 
crease structures near to flow margins are commonly perpendicular to the margins (ANDERSON & 
FINK, 1992). The surfaces of fracture walls commonly show striations which are approximately 
parallel to the axis of the central valley and which appear to be similar to striations on columnar 
joints (see Section 7.2.6). This similarity to the cyclic fracture mechanism of columnar joints leads 
to analogous formation proposals such as the idea that rise of coarsely vesicular lava diapirs results 
in incremental fracturing of the lava surface (FINK, 1983). Similarly, ANDERSON & FINK (1987, 
1988) suggested a cyclic fracture mechanism for crease structures at Mount St. Helens which result 
from tensile failure of the carapace during the final extrusion stages when magma is forced to rise 
vertically above the vent because the downslope flow stagnates. 
ANDERSON & FINK (1992) studied crease structures at various rhyolite domes and found a 
variety of morphologies. Besides the striations on the fracture walls they identified three other 
features: rippled texture, slickensides and wall offsets; in most cases two or more features were 
present with the exception of the combination of striations and ripples. Ripples are oriented parallel 
to the central valley and appear to be strongly influenced by flow banding. Studies by these authors 
show that crease structures form when a lava flow is forced to spread laterally resulting in the 
concentration of tensile stress along a line perpendicular to the spreading direction. Along this line 
the cooled crust is torn apart and forms a central valley which exposes hot, ductile material from 
the flow interior. The presence of striations on the walls of crease structures suggests that they 
form by incremental fracturing. Stresses involved are due to both cooling and lateral spreading of 
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the lava with the latter stress three times larger than that due to cooling. ANDERSON & FINK 
(1992) used various morphological parameters of crease structures for domes having only one such 
structure, and a conductive cooling model to calculate extrusion rates of the domes. 
8.2 Explosive VB. non-explosive eruption styles 
In the listing of historic domes by NEWHALL & MELSON (1983) nearly all domes (~ 95%) were 
associated with explosive activities varying from small, frequent ash emissions to rare but large 
explosive eruptions, with all gradations between the 'end types' possible. Explosive activities some-
times precede the onset of dome growth, or are concurrent or alternate with dome growth periods, 
or occur afterwards and then often destroy parts or all of the dome. During periods of episodic 
dome growth, explosive activity often marks the beginning of a new dome growth episode. Small 
explosions tend to be more closely spaced after dome growth begins, whereas larger explosions tend 
to occur at least a week before or several weeks after the onset of dome growth (NEWHALL & 
MELSON, 1983). 
During eruptive events involving water-rich silicic magmas, both explosive and effusive (non-
explosive) eruption styles have been observed, sometimes in complex cycles (e.g., SCANDONE & 
MALONE, 1984; JAUPART & ALLEGRE, 1991). Explosive eruptions lead to magma fragmentation 
and to the formation of ash, tephra, tuff and ignimbrite deposits, whereas effusive eruptions result 
in the formation of lava domes and flows. In this section the factors leading to non-explosive and 
hence dome-growing eruptions are explored. Studies of the transition from explosive to effusive 
eruptions show that the main factors involved are magma degassing and magma ascent rates. 
Pre-eruptive water contents of rhyolitic melts are in the range 2.5 to > 6 wt-% (e.g., RUTHER-
FORD & DEVINE, 1988; JOHNSON et at., 1994). STASIUK et at. (1996) reported minimum pre-
eruptive water contents of 2.5 to 3 wt-%l from melt inclusions in quartz phenocrysts in rhyolites 
from Mule Creek, New Mexico, U.S.A. Melt inclusions in phenocrysts from air fall tephra from 
Obsidian Dome, Long Valley, U.S.A., and the Taupo plinian eruption, New Zealand, revealed water 
contents of 3.4 to 5.4 wt-% (HERVIG et at., 1989). A similar water content (4.9 ± 0.5 wt-%) was 
reported from melt inclusions in phenocrysts from Bishop Tuff (DRUITT et at., 1982). In contrast, 
the water content of obsidians occurring in domes is far less, with typical values of around 0.1 to 
0.3 wt-% for unaltered calc-alkaline obsidians (e.g., TAYLOR et at., 1983; ROSE, 1987; DINGWELL 
et at., 1996), indicating that degassing at some stage during magma ascent and emplacement of a 
lava flow/dome resulted in the water loss. WESTRICH et at. (1988) suggested that by the time the 
extrusion of the dome lava begins, magma had lost 97% of its original water content by decompres-
sion. Obsidian clasts in explosive tephra deposits show intermediate values of 0.5-1.0 wt-% water 
(EICHELBERGER & WESTRICH, 1981). 
Magmas with similar pre-eruptive dissolved water contents may produce tephra and lava (e.g., 
WESTRICH et at., 1988; DUNBAR et at., 1989; SWANSON et at., 1989; BARCLAY et at., 1996). 
Mono Craters, California, is an example where during an initial Plinian phase lava and exsolved 
gas behaved as a 'closed system' during the ascent through the conduit but as an 'open system' 
during the dome extrusion (NEWMAN et at., 1988). Furthermore, during almost continuous eruption 
periods a transition from explosive to effusive activity is commonly observed (e.g., EICHELBERGER 
lThis water content indicates 37 MPa saturation pressure corresponding to ca. 1500 ill depth. 
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et al., 1986; SWANSON et al., 1987; STASIUK et al., 1996). Degassing and exsolution of a vapour 
phase may occur at three different locations in the magmatic system: (i) the magma chamber, (ii) 
the conduit during magma ascent and (iii) the lava flow/dome itself. Degassing may occur only 
in one of these locations or in a combination of different locations. Frequently it is not easy to 
separate the processes of degassing into three locations and a continuum may exist, such as in the 
upper conduit area and the overlying lava flow/dome. JAUPART & ALLEGRE (1991) pointed out 
that the transition to dome formation involves the entire volcanic system. 
8.2.1 Degassing in the magma chamber 
Degassing in the silicic magma chamber may be regarded as a 'closed system' process which results 
in in situ growth of bubbles (FINK et al., 1992) and/or a volatile gradient (e.g., MOREY, 1922; 
KENNEDY, 1955; HILDRETH, 1981). Development of volatile-rich magma due to crystallisation in 
the uppermost levels of a magma chamber is seen as one driving force for the ascent of magma 
batches, providing that its buoyancy exceeds the lithostatic pressure (e.g., BLAKE, 1984; FINK et 
al., 1990). BLAKE (1984) stated that critical overpressures of between 5-25 MPa are sufficient to 
rupture most shallow magma chambers buried at depths of 1.5-7 km. This overpressure may be 
realised for rhyolitic magmas with a critical water content in the range of 3 to 6 wt-% at 850°C. 
An initial explosive eruption style is often followed by effusive eruption which may be interpreted 
here as tapping of magma from deeper levels of the magma chamber with less water content. 
8.2.2 Degassing in the conduit 
Degassing in the conduit during magma ascent is modelled as either a 'closed system'-process which 
leads to high overpressures and potentially to explosive eruptions, or as an 'open system'-process 
in which released gas may escape either vertically or horizontally to allow a 'quiet' eruption. Also, 
different views of the nature of the extruding material have been developed. 
EICHELBERGER et al. (1986) suggested that the permeability required for volatile escape into 
pyroclastic material surrounding the vent may result from the touching and connecting of bubbles 
in an ascending and vesiculatingmagma2 . They found that a vesicularity of ca. 60 vol-% is required 
for the bubble interaction to occur3 . The extruding lava undergoes a process of bubble collapse and 
vapour resorption, very much like the dense welding of ignimbrites. Obsidian represents the final 
stage in this process. FRIEDMAN (1989) however argued that complete bubble collapse without 
leaving a trace of a vesicular texture is impossible. In support he cited some evidence of earlier 
vesiculation preserved in even the most densely welded ignimbrites. In support of the original model, 
studies by WESTRICH & EICHELBERGER (1994) showed that vesicle collapse does occur rapidly in 
degassed rhyolite magma under the very low pressures that prevail within lava flows/domes with no 
preserved relict bubble textures. They explained this phenomenon by a reversal of the vesiculation 
process during which the higher vapour pressure in compressed bubbles forces water back into 
solution in the melt. 
STASIUK et al. (1996) support the 'permeable foam model' of EICHELBERGER et al. (1986) but 
suggest that permeability may be enhanced by shearing along the vent margins which increases 
2This model is known in the literature as the 'permeable foam model'. 
3KLUG & CASHMAN (1996) showed that bubble interaction may actually occur at a vesicularity near 30 vol-%. 
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the degree of bubble collapse. Such dynamic permeability requires vesicularities far below the 60 
vol-% threshold required by EICHELBERGER et al. (1986) or JAUPART & ALLEGRE (1991). Apart 
from the vertical gas loss due to dynamic permeability, gas loss also occurs horizontally through 
tuffisite veins into the country rock. WESTRICH & EICHELBERGER (1994) suggested that ascending 
magmas begin to release gas after reaching a pressure of 10 MPa, corresponding to a depth of ca. 
500 m. This is in accordance with STASIUK et al. (1996) who found that more than half of the 
pre-eruptive water content escaped from the conduit below the deepest level of exposure of the top 
of a feeder conduit at ca. 350 m. According to solubility relations (SHAW, 1974; SILVER et al., 
1990), most dacitic to rhyolitic magmas should reach a vesicularity of 75 vol-% at ,..,.,450-750 m 
depth (KLUG & CASHMAN, 1996). 
In terms of the nature of erupting material, different models have been proposed. FINK et 
al. (1992) suggested that degassing during magma ascent results in dense, partially degassed lava 
which would undergo further vesiculation upon effusion. In contrast, WESTRICH & EICHELBERGER 
(1994) proposed that the erupting material would be typically vesicular and substantially degassed 
and may have subsequently collapsed. Both scenarios are likely to occur and probably strongly 
depend on the rate of magma ascent and the position of onset of degassing. 
Different magma ascent rates play an important role in the transition from explosive to effusive 
eruptions. Studies by JAUPART & ALLEGRE (1991) showed that in general the fraction of gas lost by 
a magma increases as the eruption rate decreases. A bifurcation of the column behaviour in terms 
of ascent rates was suggested by EICHELBERGER et al. (1986). They suggested that high ascent 
rates do not allow enough time for vesiculation before extrusion and result in explosive eruptions. 
On the other hand, with lower magma ascent rates degassing keeps pace with vapour exsolution and 
foams begin to expand. Collapse of the foam upon extrusion results in an effusive eruption style. 
A similar relation between magma ascent rates, time for degassing, vapour phase exsolution and 
eruption style was suggested by JAUPART & ALLEGRE (1991) and WOODS & KOYAGUCHI (1994). 
Models based on lava volume, conduit geometry and eruption duration suggest that ascent rates for 
magmas forming lava flows/domes range from 10-4 to 10-2 m s-l (JAUPART & ALLEGRE, 1991; 
STASIUK et al., 1993b; SCANDONE & MALONE, 1984). RUTHERFORD & HILL (1993) estimated the 
rates for magma decompression to be about 10-4 MPa s-l. 
SPARKS (1997) investigated the pressurisation in lava dome eruptions and found that high gas 
pressures may build up in the dome interior and the upper conduit part. These high gas pressures are 
a consequence of basically two degassing types and associated effects which are briefly summarised 
below. The build-up of high gas pressures requires a 'closed system' in which no gas can escape 
(e.g., through a fractured conduit area). 
The first cause of high gas pressures is related to the effect of large vertical viscosity gradients in 
the conduit due to degassing during magma ascent. The greatest differences in viscosity are found at 
shallow levels due to the decreased solubility of water at this level. Calculations by SPARKS (1997) 
showed that almost the entire pressure drop from the magma chamber to surface is concentrated 
at the top of the conduit system and in the overlying dome; in other words, it occurs during the 
last several hundred metres of magma ascent. Therefore, high excess pressures and large pressure 
gradients are expected in this part of the volcanic system. Estimates for internal pressures leading 
to explosive eruptions of lava domes range from 1-20 MPa (for references see SPARKS, 1997: p. 
178). 
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The second cause of the build-up of high gas pressure at shallow levels is the crystallisation of 
microlites (see Section 5.4). During magma ascent degassing results in gas loss and hence in an un-
dercooling of the melt phase. This triggers microlite crystallisation (or groundmass crystallisation; 
e.g, SWANSON et al., 1989; CASHMAN, 1992) during which the remaining gases can concentrate in 
residual melts and gas bubbles. SPARKS (1997) demonstrated that microlite crystallisation may re-
sult in melt regions with high gas pressures which therefore creates pressure gradients. This process 
also leads to an expansion of the magma which is driven away from regions dominated by microlite 
crystallisation. Between the region of microlite crystallisation and the magma chamber a negative 
pressure gradient develops while a positive gradient is created above the microlite-growing region. 
Overall, this may result in a downward flow of the magma back into the chamber which may be 
facilitated by lower viscosities below the region of pressurisation. This mechanism could explain 
magma withdrawal down the conduit and surface collapse4 (or subsidence) of a dome, as observed 
at Lascar dome, Northern Chile (SPARKS, 1997). 
8.2.3 Degassing in the lava flow/dome 
Some aspects of degassing in lava flows/domes have been discussed at the end of the previous 
section. Lava dome extrusion involves further vesiculation of a, by now, water-poor lava over longer 
time scales, involving months or even years (STEVENSON et al., 1994b). This may be explained by 
a significant time lag in the onset of bubble growth as found in peralkaline rhyolite (BAGDASSAROV 
et al., 1996). The time lag is due to slow interconversion rates of OH- species into molecular water 
at low temperatures, and may result in a prolonged period of vesiculation and hence potentially the 
generation of over-pressured water-rich pockets below the carapace of a lava flow/dome (STEVENSON 
et al., 1997). 
According to SATO et al. (1992) the internal pressure in lava domes is ca. 10 MPa5 with 
contributing components of high internal gas pressure and hydrostatic pressure associated with 
the thickness of lava domes. High-viscosity lava domes can sustain a high internal pressure until it 
reaches the tensile strength of the dome which may then explosively disintegrate causing a collapse of 
part ofthe dome. Carapace strengths are in the range of 10-20 MPa (SELF et al., 1979). Applying 
scaling models for dome growth (GRIFFITHS & FINK, 1993) to recent dome growth simulations 
(Section 8.4.5 on page 151) resulted in estimated carapace strengths (effective yield strengths) of 
130 MPa for Soufriere and Mount St. Helens domes and 100 MPa for Pinatubo dome (FINK & 
GRIFFITHS, 1998). These effective yield strengths are approximately 1000 times greater than those 
calculated for dome interiors and they demonstrate the dominant role of the carapace in determining 
the dome morphologies. Accumulation of high over-pressures in the dome interior can easily occur 
during endogenous dome growth and flow-front slumping can lead to explosive decompression and 
generation of pyroclastic flows (e.g., ROSE et al., 1977). 
4 Another process which also may result in a dome surface subsidence is related to horizontal escape of magma 
through fractures in the conduit. 
5This corresponds to an equilibrium water content of 1.3 wt-%, resultant viscosity of 109 Pa s, at sooDe. 
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8.3 Endogenous VB. exogenous dome growth 
Lava dome growth occurs by endogenous and/or by exogenous growth modes. During exogenous 
growth new lava is added to the outer surface of a dome whereas during endogenous growth new 
lava is injected into the dome interior and dome growth occurs by inflation. Growth may occur 
either as single continuous events or through a series of relatively small eruptive pulses (SWANSON 
et al., 1987). 
During the study at the growth of Mount St Helens, FINK et al. (1990) provided a quantitative 
assessment of the partitioning of lava into endogenous and exogenous emplacement modes. Both 
modes show distinct trends in terms of cumulative volume increase which indicate that the two 
growth modes are characterised by different processes. Whereas the endogenous production rate 
was essentially constant (2.104 m3d-1), the cumulative exogenous volume showed a decreasing 
production rate (5.1 . 104 to 8.3 . 103 m3d-1). Endogenous growth rates were not influenced by 
changes in the dome shape, strength and kind of eruptive events, or by magma-chamber processes 
thus pointing to controlling processes in the dome interior or conduit. Decreasing production rates 
of exogenous growth reflect decreasing production rates of the total dome volume and therefore 
probably reflect magma chamber conditions (FINK et al., 1990). The authors developed a three 
stage dome growth model. The first stage involves the periodic formation of volatile-rich magma 
batches in the magma chamber due to crystallisation. If their buoyancy is greater than lithostatic 
forces the magma batches are able to ascend to the surface. In the second stage the eruptive 
episode results in a primarily endogenous dome growth inflating the dome interior and stretching 
the carapace of the dome. Finally, in the third stage, microcracks develop in the carapace due 
to increasing tensional stresses and eventually allow rupture in the vicinity of the dome's apex. 
This allows the remaining magma of the magma batch to extrude as exogenous lobes. After the 
cessation of an extrusion period, fractures in the carapace will seal as the carapace continues to 
thickens inwards. Subsequent intrusive events must exert more and more force if the thickening 
carapace is to be fractured allowing for further extrusion. Also, the eruption rate generally decreases 
with time so that a greater fraction of a magma batch is necessary for inflating the dome before the 
carapace can fracture. If the solidification rate of the dome carapace and its interior is faster than 
the generation of buoyancy in the magma chamber, a new magma batch may be unable to reach 
the surface so that the eruption ceases, at least temporarily. Continued volatile development in the 
magma chamber leads to overpressure which may be released by an explosive eruption that clears 
the vent. In summary, the model by FINK et al. (1990) suggests that transition from exogenous to 
endogenous dome growth is controlled by the thickness and strength of the dome carapace as well 
as the lengthening of the repose intervals. 
The study of Mount St Helens demonstrated that the dome grew by a combination of exogenous 
and endogenous growth, and is characteristic of the majority of all silicic domes. Another well 
studied case is the Unzen volcano, Japan, the most recent eruption of which in 1993-1994 comprised 
two pulses, one exogenous and one endogenous, each of ca. 600 days duration (e.g., NAKADA et 
al., 1995). Exogenous structures at Unzen comprise 13 discrete lobes. The typical lobe is 300-400 
m long, 200-300 m wide, and 50-100 m thick. After reaching a lobe length of 350-400 m, the lobe 
crust proves too brittle to be deformed in a ductile manner by the force of following lava and a new 
lobe develops over the vent. Uplift during endogenous growth results in the formation of a short 
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spine at the dome centre which moves along the carapace as uplift continues. The surface of the 
spine shows either horizontal steps, having a constant width, or vertical scratches on an otherwise 
smooth surface. In accordance with the above model, NAKADA et al. (1995) also suggested that 
the solidifying and cooling carapace exerts an important influence on eruption style. A low effusion 
rate and high viscosity of the lava during endogenous growth allows for a higher degree of cooling 
which leads to the formation of a thick and brittle carapace enveloping the less viscous interior. 
Periods of high effusion rates and lower viscosity lavas result in a rapid spreading of the lava without 
forming a solid carapace. Height/radius ratios for the exogenous and endogenous periods of the 
1993-1994 eruption of Unzen volcano place the resulting structures in the 'low lava dome' and 
'Pelean' category of BLAKE (1990), respectively. 
The two modes of dome growth result in differ-
ent orientations of flow banding reflecting their em-
placement behaviour and sequence. Purely endogenous 
growth gives rise to a concentric flow banding in which 
the flow layers follow the dome outline. Inflation by 
continuously adding lava causes shearing parallel to the 
dome margins and development of the so-called 'onion 
skin' structure (Fig. 8.26 ). Such 'onion skin' structures 
are best developed in many cryptodomes and lava flow 
lobes. During exogenous dome growth lava is forced 
through and pushes apart fractures of the carapace, and 
than flows onto the carapace. The high viscosity of rhy-
olitic melts suggests that lava extrudes very slowly and 
Figure 8.2: Schematic diagram showing en-
dogenous dome growth by inflation and devel-
opment of flow banding parallel dome margins 
due to shearing. 
more chunk-like (as lobes) rather than spreading laterally to form flow sheets. Flow banding will be 
parallel to the lobe margins and follow the orientation of the overtopping lava 'chunks'. Therefore, 
the overall flow banding of successive lava 'chunks' will be discordant to a certain degree to the 
orientation of flow banding in previous lava extrusions 7 . Measuring the flow banding in lava dome 
cross sections should give a good indication of the dominant dome growth mode. 
8.4 Dome growth models based on laboratory and theoretical 
studies 
Although monitoring of dome growth (especially at Mount St. Helens and La Soufriere) has provided 
ample opportunities to study the extrusion of silicic magmas, and to develop accurate models 
relating it to their cooling, solidification, and rheology, many aspects are not yet understood. 
Therefore, simulations of dome growth under controlled conditions are still vital to understanding 
6 A further example of an 'onion skin' structure is given in Fig. 8.3. The development of distal flow structures, 
particularly at the right hand sight of this experimentally simulated dome, may be explained by solidification of 
strong pieces of the carapace at the flow front which tend to inhibit front advance. However, advancing flow may 
displace these levees overtoppling these carapace pieces in a fashion similar to the opening of flower petals. Recent 
dome growth simulations by GRIFFITHS & FINK (1997) reproduced this structural development which is also shown 
in a sequence of photographs. 
7No attempt has been made to give a graphical representation of exogenous dome growth and the orientation of 
flow banding in individual lava 'chunks' or lava lobes. This deliberate omission is due to exogenous domes being 
diverse in their emplacement modes. An example may be found in FINK (1983: Fig. 27 ). 
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Table 8.1: Materials and their properties used in laboratory simulations of lava flows/domes 
material 
silicon oil 
glucose syrup 
kaolin 
material properties section 
Newtonian fluid 8.4.1 
Newtonian fluid having viscosity that 
increases strongly with decreasing tem-
perature 
Bingham plastic with finite yield 
strength, difficult to model solidifica-
tion of crust 
8.4.2 
PEGl) Newtonian viscosity when molten; de- 8.4.4 
forms in either ductile or brittle man-
ner when solid (depends on T and on 
applied stress) 
but lacks a finite yield strength at T 
above its freezing point 
PEG+kaolin has finite yield strength at room tem- 8.4.5 
perature as well as plastic viscosity and 
yield strength which depends on cooling 
rate 
1) polyethylene glycol wax 
references 
HUPPERT et al. (1982) 
STASIUK et al., 1993a) 
HULME (1974), BLAKE (1990) 
GREELY & WORMER (1981), 
PARK & IVERSEN (1984), 
FINK & GRIFFITHS (1990, 1992), 
GRIFFITHS & FINK (1993), 
FINK & BRIDGES (1995), 
GREGG & FINK (1995) 
GRIFFITHS & FINK (1997), 
FINK & GRIFFITHS (1998) 
different dome growth modes, formation of morphologies and structures, and in delineating the 
controlling parameters. 
Laboratory simulations of lava flow and dome 
growth use the extrusion of a material with known prop-
erties through a point or line source, either 'subaerially' 
or 'subaqueously', into a tank onto a flat or inclined sur-
face. This basic approach is best summarised with Fig. 
8.3, depicting one of the early dome-simulating models. 
Variations arise in the material used, in the rate and 
Figure 8.3: Cross-section of an experimentally 
mode of 'effusion' (e.g., continued or episodic), and in simulated dome using plaster of Paris (reproduc-
a number of other boundary conditions. Table 8.1 lists tion of Fig. 84 in REYER, 1888). 
frequently used materials and summarises their proper-
ties. As FINK & BRIDGES (1995) pointed out, most simulations differ in their assumptions about 
rheological properties of dome-building materials. Besides laboratory simulations, theoretical anal-
ysis of flow/dome simulations also play an important part in our understanding of growth problems 
(sections 8.4.1 and 8.4.3). 
Laboratory studies oflava flows/domes have shown that the morphology and dynamics ofthese 
structures depend on the ratio of eruption rate to cooling rate. FINK & GRIFFITHS (1998) stressed 
the fact that simulations of the morphological evolution of domes require a material whose rheology 
is temperature-dependent and has a finite yield strength. The latter property is important for 
modelling melts with a crystal content. If the employed material lacks a finite yield strength, the 
model flow/dome cannot sustain large shear stresses in its interior and the material cannot replicate 
fracture processes. 
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8.4.1 Isothermal Newtonian model 
On the basis of theoretical considerations and subsequent laboratory simulations using silicon oils, 
HUPPERT et al. (1982) suggested that lava domes behave like a pile of linear-viscous fluids, whereby 
fluid is continuously injected through the base of the pile so that the dome maintains its rotund 
shape. Since fluid is constantly injected the dome never achieves a state of static equilibrium. If 
the dome does not expand it sags into a flat viscous pile which becomes flatter with time. 
The fluid pressures within the dome are hydrostatic meaning that no excess pressure is able 
to build up which could potentially cause explosions or localised extrusions. The model does not 
simulate an outer dome surface and, hence, does not take the effects of a dome carapace into 
account. 
In this model dome shape and rate of spreading is determined by the linearly fluid (or lava) 
viscosity. Applying their model to the La Soufriere dome, HUPPERT et al. (1982) had to invoke a 
high viscosity of 2 . 1012 poise to achieve a fit for both natural and modelled dome shapes. This 
viscosity is several orders of magnitude higher than measured lava viscosities and the discrepancy 
was explained by the presence of a highly viscous crust-which was observed at the dome but could 
not be simulated with the model. 
8.4.2 Isothermal Bingham model 
Fluid dynamics simulations using a suspension of kaolin III water (BLAKE, 1990) showed that 
this mixture behaves as a Bingham fluid having a finite shear stress at c = 0 and a large apparent 
viscosity at larger strain rates. Slow extrusion from a small source under air leads to spreading which 
is controlled by yield strength. This model has two disadvantages when modelling lava domes: (i) 
the properties of the dome interior are identical to those in the outer shell, and (ii) the fluid pressure 
in the dome is hydrostatic. The dome structure remained axisymmetric at all times indicating a 
static balance between gravity and yield strength. Strength, however, is considered in shear only, 
and not in tension. The experiments were characterised by a transition from Newtonian viscous 
spreading during the initial phase to Bingham behaviour in which buoyancy and yield strength were 
dominant. BLAKE (1990) introduced the so-called Bingham number, B, which indicates whether a 
fluid will behave approximately Newtonian and more like a Bingham fluid: 
(8.1) 
If B « 1, the fluid in question is regarded to have a Newtonian behaviour. Analogous behaviour is 
likely to occur in solidifying lava flows. 
Estimates of the yield strength of lava domes are derived from simulated domes by using an 
equilibrium relationship between dome height, radius, density and yield strength of the kaolin dome. 
These experiments showed that the dome height is always proportional to the square root of its 
radius (h ex rO.5 ). A further implication is that domes become flatter as they grow. 
Conjugate spiral fracture lines are visible on the surfaces of kaolin domes dividing them into 
a network of rhombohedral segments. These spiral grooves are traces of slip planes which spiral 
out from the dome summit in both clockwise and anti-clockwise directions. Deformation along 
these slip planes allows a constant readjustment of the dome shape with continued injection of the 
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dome-building material. Fresh material was visible only near the summit. 
Application of the viscoplastic model to the La Soufriere Dome showed that it can model the 
dome shape better than a Newtonian model, and the relation between dome height and radius is 
h ex rO. 524 , close to the experimental value at rO.5 . 
BLAKE (1990) also calculated the yield strength of a number of lava domes from morphological 
data: 
(8.2) 
where h is the dome height, rd is the dome radius and (} is the melt density. While for some 
domes the calculated yield strengths were in good agreement with measured values, for other domes 
discrepancies of up to one order of magnitude were found. These discrepancies are explained by the 
strength of the dome carapace, analogous to the explanation of HUPPERT et al. (1982) in Section 
8.4.1. 
8.4.3 Brittle-shell model 
The brittle-shell model describes a lava dome as an essentially two-component system in static or 
quasi-static mechanical equilibrium (IVERSON, 1990). One component of the system is the ductile 
magma of the internal body which is surrounded by the second component which is an external shell 
(or carapace) of solid, brittle rock. The carapace is assumed to be under uniform tension allowing 
the magma in the interior to have a pressure in excess of the hydrostatic pressure. The excess 
pressure balances tensile stress in the carapace, whereby higher excess pressures in the interior 
require an 'adjustment' of the carapace, either by greater curvature, greater strength, or greater 
thickness of the carapace. 
Further assumptions are that the two components of the dome are isothermal and homogeneous, 
and that the dome is axisymmetric. An apron of talus around the dome is considered to be me-
chanically decoupled from the dome system so that it contributes to the dome's morphology, but 
contributes no strength that influences the equilibrium of the dome. An important mechanical as-
sumption is that stresses are in quasi-static equilibrium when domes grow slowly and endogenously. 
Exogenous growth or explosions disrupt the equilibrium, but constitute transient phenomena lead-
ing to a new state of dome equilibrium. Overall lava dome growth may be regarded as a succession 
of static equilibrium states which are separated by eruptional phases (IVERSON, 1990). 
To describe the equilibrium state of a dome only four physical parameters are considered in the 
brittle-shell model: tensile strength and thickness of the carapace as well as the unit weight and 
excess pressure of the enclosed magma and gas. These four parameters are combined into a single 
dimensionless number, D, which governs the equilibrium of dome configurations. For dome growth 
to occur one or more of the four parameters must change, otherwise the dome exists in only one 
equilibrium size and shape (IVERSON, 1990). 
SWANSON & HOLCOMB (1990) reported that the growth of Mount St Helens after May 1981 
was approximately 'self-similar', in which the dome shape remains roughly the same, with a D 
value of about one which remains approximately constant. This is achieved through compensating 
increases in the four parameters of the brittle-shell model. Of these four parameters, the thickness 
of the carapace and the excess pressure of the magma are the parameters most likely to change 
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(IVERSON, 1990). 
The four parameters which are combined to form the parameter D do not make assumptions 
about the rheology. Therefore, the viscosity of the magma in the dome interior may be linear or 
non-linear, and the solid carapace can be plastic or elastic-as long as the equilibrium state is 
preserved. Also the brittle-shell model does not include a time dependence and therefore cannot 
predict rates of dome growth. 
DENLINGER (1990) used the model of IVERSON (1990) to develop a hypothesis whereby dome 
deformation during eruptions is due to the progressive growth of cracks which weakens the dome 
carapace. The brittle shell of the dome represents the most important obstacle for lava extrusion 
which may only occur when the shell ruptures. Pressure within the dome builds up)n the interval 
between eruptions but is balanced by the tensional stresses of the carapace. The time prior to 
carapace rupture is characterised by a so-called delayed failure process. During this process cracks 
grow at sub critical velocities which are less than those required to cause failure. The process results 
in tensional fissures through the carapace (DENLINGER, 1990). As cracks grow they branch and 
sometimes link to form longer cracks. DENLINGER (1990) showed that the probability of tensional 
failure is greatest near the dome apex and least on the dome flanks. The eruption model was applied 
to the eruption of Mount St. Helens at the end of April 1982 (DENLINGER, 1990), and indicated a 
dome overpressure of ",0.5 MPa and a tensional strength of the carapace of 1 MPa. 
8.4.4 Temperature-dependent Newtonian model 
No models discussed in the previous sections (sections 8.4.1, 8.4.2, and 8.4.3) take the role of 
cooling, with its subsequent rheological changes, into account. During the active stages of an 
eruption, cooling is confined to a thin surface layer of the lava flows and results in the formation 
of a carapace. Continued advance of the flow front during cooling leads to deformation of the 
solidified crust. At some time after lava extrusion stops, spreading of the flow will stop due to 
its finite yield strength8 (either in shearing or tension; GRIFFITHS & FINK, 1993). Furthermore, 
cooling and solidification do not occur in isothermal models under the fixed assumed yield strengths 
and viscosities. Lava rheology for most flows is rather heterogeneous. 
In a series of laboratory simulations, FINK & GRIFFITHS (1990, 1992) and GRIFFITHS & FINK 
(1993) studied the morphology of lava domes and flows as the result of cooling and solidification. 
Flow morphology is seen as a potential indicator of the role of cooling and solidification in controlling 
the flow spreading. They used a two-component system (see Section 8.4.3) with a hot interior, which 
may be either viscous or plastic, and a carapace which thickens with time, the properties being due 
to the effective viscosity, shear strength or tensile strength. The carapace may be some combination 
of fractured brittle solid, ductile solid or cooled viscous melt, but in general consists of a deformed 
or fractured solid and some intervening melt that has been squeezed-up through solid segments 
(CRISP & BALOGA, 1990; GRIFFITHS & FINK, 1993). 
In their simulations FINK and GRIFFITHS injected PEG above its freezing point into a tank 
containing cooled water which minimises surface tension effects and also increases cooling rates. 
Simulations under progressively colder conditions revealed a sequence of surface morphologies with 
8This scenario does not include the effects of a pre-existing topography which may pose natural flow boundaries. 
In Newtonian fluids, which spread over a horizontal or inclined surface under gravitation, the strain rate will never 
end-unless surface tension becomes significant (GRIFFITHS & FINK, 1993). 
149 
CHAPTER 8. MORPHOLOGIES, STRUCTURES AND LITHOLOGIES OF RHYOLITE DOMES 
features resembling those of cooling lava flows. These dimensional analyses of solidifying flows with 
constant effusion rates provide two independent dimensionless parameters (88, IT) which together 
determine the rate of surface solidification: 88 is the normalised temperature drop required to 
solidify the surface and IT is the rate of surface cooling compared with the rate of lateral spreading 
of a flow9 . 88 and IT are combined in a single and more useful parameter, W, which is the ratio 
of the time, t s , for the onset of solidification of a given lava part as it comes into contact with the 
environment to the timescale, t a , for the lateral advection of the fluid in the absence of cooling. The 
simulations resulted in basically four characteristic morphological types which may be described by 
certain ranges of W values (see Table 8.2). With respect to lava domes, only one type is of interest, 
the 'pillow' regime with W < 3. This regime is characterised by the most rapid cooling, and 
extrusions under this regime formed bulbous 'pillows' similar to submarine pillow lavas. All other 
simulated morphologies closely resembled those of basaltic lava flows. Application to lava domes 
showed that the overall growth of Mount St. Helens yields W '" 1 and La Soufriere, St. Vincent, 
gives W '" 2. Therefore both domes plot within the 'pillow' field, although La Soufriere plots close 
to the boundary between 'pillow' and 'rifting' regimes. Dome growth of Mount St. Helens is largely 
controlled by the yield strength of the carapace, implying that the dome was always in a static 
balance and that no significant slumping occurred between pulses (GRIFFITHS & FINK, 1993). 
In summary, the scaling analysis predicts that the rheology of a complex carapace is the dom-
inant factor in resisting advance of the flow front when the ratio of carapace thickness near the 
flow front to the flow length is greater than the ratio of the yield strength of the carapace to the 
basal shear stress exerted on the overall flow. The effective yield strength of the carapace is several 
orders of magnitude greater than the shear strength of the magma in the flow interior. Comparison 
with both Mount St. Helens and La Soufriere gave effective yield strengths of ",108 Pa and ",105 
Pa, respectively. Flows having small W values are dominated by the crust strength once it has 
developed a thickness several orders of magnitude less than the flow length, e.g., a carapace of 10 
m thickness controls the spreading of a dome 1 km in radius (GRIFFITHS & FINK, 1993). It is 
expected that small 'overpressurised' domes are dominated by tensile strength whereas large domes 
are dominated by an effective shearing strength. 
FINK & BRIDGES (1995) investigated the role of intermittency and repose periods on the shape 
of a flow/dome. They extruded PEG wax either as one continuous pulse or as a series of smaller 
batches interrupted by repose intervals of uniform length. The simulations showed that the final 
dome morphology of a given composition depends primarily on the long-term time-averaged eruption 
rate lO and not on the instantaneous eruption rate. 
GRIFFITHS & FINK (1993) and FINK & BRIDGES (1995) outlined four flow regimes in which 
buoyancy is balanced by one of four retarding forces (strength and viscosity of the lava flow interior 
and surface crust) and a fifth regime in which the overpressure is balanced by crustal strength. 
Table 8.2 lists these five regimes and gives the relations of height, h, to radius, r, as well as of 
aspect ratio, AR = 0.5· h/r, to volume, V-all assuming a constant effusion rate. The table shows 
that as crust formation becomes more important the aspect ratios of domes changes less as they 
become larger (FINK & BRIDGES, 1995). The expressions in the table may be used to infer the 
gn represents a modified Peclet number and is a function of the effusion rate, temperature difference and many 
other physical properties of the extruding fluid and its environment. The Peclet number, Pe, s.s., describes the 
balance between conductive and advective heat transport. 
lOTotal volume divided by the time from commencement to cessation of the entire extrusion. 
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Table 8.2: Relationship between dome height, h, radius, r, aspect ratio, AR = 0.5· hlr, and volume, V, for the 
five flow regimes outlined by simulations (GRIFFITHS & FINK, 1993; FINK & BRIDGES, 1995). 
regime h(r) AR(V) W morphology 
BNI (buoyancy-N ewtonian-interior) h rv r 0.00 AR rv V-0 .5O > 25 levees 
BNC (buoyancy-Newtonian-crust) h rv r 0.00 AR rv V-0 .50 > 25 levees 
BPI (buoyancy-plastic-interior) h rv r. 0 .5O AR rv V-0 .2o 10-25 folds 
BCS (buoyancy-crust-strength) h rv r 0.67 AR rv V- 0 .125 3-10 rifts 
PCS (pressure-crust-strength) h rv r 1.00 AR rv V-o.oo <3 pillows 
forces controlling the shape of prehistoric domes; in particular, the power law exponent of h(r) 
should be a strong indicator of emplacement style and cooling rate. 
8.4.5 Temperature-dependent Bingham model 
Recent simulations of lava domes by GRIFFITHS & FINK '(1997) and FINK & GRIFFITHS (1998) 
used a mixture of PEG and kaolin as extruding material. Although the qualitative style of flow 
is controlled by cooling and solidification of the carapace, as in previous experiments using PEG 
only (see Section 8.4.4), the internal yield strength ofthe PEG-kaolin mixture results in a Bingham 
behaviour which is very different from the viscous behaviour of PEG alone. These simulations are 
probably more relevant to highly silicic lava domes (andesites, dacites and rhyolites). 
The simulations resulted in a sequence of four dominant flow regimes or morphologies, the main 
characteristics of which are summarised in table 8.4. The four morphological types are associated 
with well-defined ranges of the dimensionless parameter \[F B, a modified version of the \[F parameter 
of previous simulations (section 8.4.4), which takes the yield strength of the PEG-kaolin mixture 
into account: 
\[FB = ts = (g.6. p ) 
3 
Qts 
ta T 
(8.3) 
where .6.p is the density difference between the flow and its environment, T is the magma strength 
in the dome interior and Q is the eruption rate. \[F B describes the role of cooling and eruption rate 
on the final morphology. A faster onset of solidification results in a faster thickening of the crust 
and with faster extrusion rates the fluid is able to move farther before a crust develops. Large 
\[F B values point to slow solidification or large eruption rates, whereas small \[F B values imply rapid 
solidification or very slow eruption rates (GRIFFITHS & FINK, 1997). 
Providing the rheological and cooling behaviours of natural domes are similar to the PEG-
kaolin mixtures used in the simulations, natural domes should have \[F B values similar to those of 
the laboratory morphologies. The above relation also allows an estimate of the yield strength of 
vent magmas for natural domes based on eruption rate and composition (Table 8.3) which may 
then be compared to values determined by other methods. Fig. 8.4 outlines the four flow regimes 
based on \[! B-ranges as well as the results of lava dome examples given in Table 8.3. 
As can be seen in Table 8.3 most lava domes and associated flows range from the 'platy' through 
the 'lobate' to the 'spiny' regime. A general trend may be outlined in which lava flows are 'platy' 
to 'lobate' and lava domes more 'lobate' to 'spiny'. The La Soufriere Dome is an exception as it 
ranges from the 'axisymmetric' to 'platy' regime. 
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Table 8.3: Derived parameters for natural domes (after: FINK & GRIFFITHS, 1998). 
\liB Q Terupt ts To 
dome [m3 s-l] [DC] [s] [x105 Pal 
Soufriere, St. Vincent 
early stage: 3-30 7.7 950 ± 50 50 to 170 0.6 to 2.0 late stage: 2.2 0.4 to 1.3 
Mount St. Helens 
overall growth: 0.12-0.9 0.4 
,..., 930 60 0.8 to 1.6 
some lobes: 0.3-3 S 10 0.9 to 2.3 
Mount Pinatubo 
first 3 weeks: 0.03-0.3 0.9 1000 90 1.2 to 2.5 last 3 weeks: 0.37 1.3 to 2.7 
Mount Unzen 
early stage: (lobate) 4.6 950 65 0.8 to 1.6 late stage: (spiny) 0.35 1.8 to 3.8 
Santiaguito, Guatemala 
lava flows: (lobate-platy) 0.32-2.22 950 65 0.9 to 2.1 lava domes: (spiny) 1.5 to 3.3 
Merapi, Java (platy) 0.2 1000 90 0.3 to 0.7 
Montserrat 0.03-0.3 2.5 1000 90 2.4 to 5.0 
With the exception of very small 
\If B-values dome radius and height 
data of all regimes suggest approxi-
mately self-similar dome growths indi-
cating constant dome growth dynamics. 
Dome height increases under all condi-
tions more rapidly than predicted by the 
Bingham model of BLAKE (1990). For 
\If B > 0.9 the dominant parameter hin-
dering the spreading of a dome is the 
yield strength of a thin carapace which 
means that the overall dome morphology 
(height, radius) is not greatly altered by 
cooling and solidification (G RIFFITHS & 
FINK, 1997). For \lfB < 0.9 two tran-
sitional regimes may be discerned. At 
larger \If B, spreading of domes is driven 
by gravity, i.e., there exists a balance be-
tween buoyancy and a plastic crust. At 
very small \If B, there exists a balance be-
Figure 8.4: Classification of lava domes based on their morphol-
ogy in relation to the dimensionless parameter \liB as a function 
of the quantity Q ts (volume of lava erupted in one period ts) 
and interior yield strength To. Dashed lines mark the four flow 
regimes while dotted lines show transitional regimes which take 
the following values from the 'spiny' to 'axisymmetric' regime: 
0.03, 0.3, 3 and 20 (reproduced from FINK & GRIFFITHS, 1998) 
tween internal pressure and crust strength, i.e., the overpressure within domes with a thick carapace 
is dominant (FINK & GRIFFITHS, 1998). 
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Table 8.4: Morphological classification of simulated domes and their main characteristics based on experiments by GRIFFITHS & FINK (1997) and FINK & GRIFFITHS 
(1998). Expected structural and morphological characteristics of lava domes for each dome type are also listed. 
Dome type (defined by \jiB) Results of laboratory simulation 
spiny 
0.01 < \jiB < 0.12 ± 0.02 
'* exogenous 
lobate 
0.12 < \jiB < 0.9 ± 0.3 
'* mainly exogenous 
platy 
0.9 < \jiB < 15 ± 5 
'* first endogenous, later 
exogenous 
axisymmetric 
15 < \jiB < 100 
'* endogenous 
Coldest water-T and slowest effusion rates: extru-
sion of a series of angular, spine-like lobes steeply 
upwards out of the vent which laid over and piled on 
each other; lobes with smooth surfaces and striations 
paralleling extrusion direction 
dome structure very irregular (accumulation of a 
dozen of distinct lobes and spines) 
Cold water and/or slow effusion rates -t fewer radial 
lobes (four to six lobes joined to a central portion) 
which are wider and were emplaced in a lateral fash-
ion 
exogenous lobes emerged along steeply dipping frac-
tures and advanced horizontally; occasionally several 
lobes may advance at the same time 
almost vertical and pointed spines appear in the final 
stage 
dome surface becomes smoother with time 
Wedge-shaped segments rather than lobes bounded 
by radial fractures advanced continuously as a group 
forming an uniform flow front; initial straight-sided 
wedges later curved in a spiral pattern and advanced 
further away from the centre; transverse, also step-
like knobs on the surface showing increasing wave-
lengths 
dome with more circular shape and lower, smoother 
cross section 
Warmest water and/or fastest extrusion rates -t 
near-circular flows with low cross sectional profiles; 
surfaces are divided by small rhombohedral areas; 
extrusion is uniform in all directions 
ring of debris around dome margin 
Structural and morphological characteristics of lava dome 
Tall and very steep-sided; smooth upper surfaces covered by small blocks 
and ash; one or more subvertical spines with smooth, curving sides puncture 
surface (diameter: metres to tens of metres; height: metres to hundreds of 
metres), may have striations at their sides, form directly over the active 
vent; one spine at a time; spines are unstable and frequently collapse 
strong crust does not undergo extension 
roughly circular in view and conical in profile 
Growth starts endogenous until individual lobes extrude along fractures in 
the carapace which then advance subhorizontally 
composed of a number of distinct 'exogenous lobes' which extrude sequen-
tially from a central vent and each advance in a single direction; a few 
may be active at any time; lobe widths from 100 to 500 m; "lobes can have 
smooth and striated surfaces which parallel direction of movement; lobe 
surfaces may also have discontinuous transverse ridges with wavelength of 
tens of metres as well as 'crease structures' either directly over the vent or 
at sites of surface stretching 
dome with relatively equant or stellate outline (similar to a cloverleaf) 
extensive brittle failure at late stage of emplacement -t only minor rounding 
and comminution of blocks 
Lobes are small and less well defined and rather merge with a circular central 
region -t more circular dome outline, lower cross section than that of spiny 
or lobate domes 
relatively straight, transverse ridges develop as folds at compressional sites; 
flow-parallel ridges as 'squeeze-ups' through gently curving, subradial frac-
tures (due to circumferential stretching of dome margin) 
surface consists of smaller, flat blocks, tens of metres across 
Domes with most regular outlines and lowest relief; talus aprons consisting 
of relatively small blocks encircle dome 
extensive, transverse folds may parallel entire dome margin (with short 
wavelength); radial fractures: directly over vent or nearest to flow front 
dome surface covered extensively with small blocks having a high variability 
in colour (due to differences in vesiculation and oxidation) 
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In addition, this model allows the estimation of eruption rates of prehistoric lava flows and 
domes from their morphology if their composition and the timescale of solidification is knownll . 
8.4.6 Simulating dome growth 
The discussion of the various dome growth models shows that the choice of initial rheological 
behaviour restricts interpretations for the controlling parameters on dome growth. As KILBURN 
(1990) pointed out, a lava flow/dome must have a significant strength to stop flowing with their 
final thicknesses/heights. The question is, how much of this strength does the lava possess upon 
eruption and how much of it is due to solidification during emplacement. For a Newtonian flow 
solidification is important since it lacks this strength. A Bingham fluid however is characterised by a 
yield strength so that a lava flow/dome stops either since the shear stresses decrease below the yield 
strength or because the flow/dome solidifies. This shows that, depending on the assumed rheology 
of a lava flow/dome, its thickness/height might be interpreted either as due to solidification or due 
to the initial lava rheology. 
A comparison of different dome growth models based on different rheological assumptions ap-
plied to Soufriere dome showed that for the first 20 days both an initial yield strength for the dome 
interior of '" 3 . 105 Pa and carapace strength (solidification) may account for main restraints on 
dome growth (KILBURN, 1990). After 40 days, dome growth is more likely to be controlled by a 
carapace. However, the rheological nature of the dome interior was not solved by dome growth 
simulations. 
8.5 Cooling model 
Early cooling models for extrusive magma bodies were formulated by INGERSOLL & ZOBEL (1913) 
and discussed in detail by LOVERING (1935). JAEGER (1957, 1961, 1964) applied heat conduction 
equations to cooling intrusive and extrusive magma bodies and developed formulae for differently 
shaped bodies under numerous conditions. Treating magma bodies as simple rectangular shapes 
resulted in simple mathematical descriptions, which took cooling by conduction into consideration, 
but not convective cooling. Numerous assumptions accompanied all these models, such as sudden 
magma emplacement at uniform temperature, To, setting the country rock to T = 0 and the contact 
country rock/magma to 0.5· To, as well as maintaining the upper flow surface at T = O. The models 
allowed the calculation of temperatures at any point in the magma body at chosen times, t, after flow 
emplacement. In order to compare the cooling of sheets of different thicknesses, the dimensionless 
quantity, c, was employed: 
(8.4) 
where t is the time after emplacement and h is the sheet thickness (or a portion of it). The resulting 
set of curves describes the general pattern of cooling isotherms. Later JAEGER (1968) extended the 
discussion to more complex cases, such as two-- and three~dimensional bodies under various cooling 
conditions which are still restricted to rectangular and cylindrical shapes. 
11 FINK & GRIFFITHS (1998) used the following properties for rhyolites in their paleo-eruption rate calculations: 
Te = 820°0, Tg = 670°0, ts = 32 s, and T = 3.0 . 105 Pa. 
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The cooling model used in this thesis is based on the models by JAEGER (1968) and LONG & 
WOOD (1986) and comprises a finite difference approximation to the heat conduction equation as 
given in MANLEY (1992): 
(8.5) 
where the index [N] specifies the vertical position in the flow or basement (node) at which T is 
calculated, ts is the length of timestep (taken as 0.1 yr), Tp is the temperature at the previous 
timestep, D is the node spacing, and Lh gives the latent heat evolved at a timestep (if any). Eq. 
8.5 calculates the temperature for equally spaced nodes through the flow and into the basement for 
each timestep. It is assumed that a lava flow cools from the emplacement temperature by conduction 
only. The upper flow surface is kept constant at O°C, the basement is set at O°C at t = 0 and the 
contact flow/basement is set to the mean of the eruption plus basement temperature and allowed 
to gain or loose heat in the course of cooling. The 'heat-conducting-away' effect of groundwater is 
accounted for by imposing a constant temperature of O°C at an arbitrary depth in the basement. 
Evolution of latent heat at certain nodes in the flow is calculated in terms of enthalpy, as is the 
heat loss by rain or snowmelt. The former is accounted as a gain in temperature while the latter 
is subtracted in those flow parts of the upper surface where the temperature is below 300°C. The 
amount of latent heat depends on the percentage of phenocrysts already present in the magma at 
the time of eruption and on the lithology developing after emplacement, e.g., freezing as glass or 
development of spherulites. 
Heat capacity is calculated using Eq. 3.9 and thermal conductivity is taken from experimental 
data in MURASE & McBIRNEY (1973). Their experimental data on the aphyric Newberry Rhyolite 
Obsidian (Big Obsidian Flow, Newberry Caldera, Oregon) were fitted to the equation: K a = 
2 . 10-6 T2 + 0.0006 T + 3.0421. For flow and domal parts having a pronounced vesicularity, such 
as the carapace, conductivity has to be corrected for the volume of vesicles. This can be done by 
the following equation in which heat is transferred across pore spaces by radiation (LOEB, 1954; 
RIEHLE, 1973): 
(8.6) 
where VA is the relative area of the pores normal to the heat flux, VL is the relative length of the 
pores parallel to the heat flux, Vw is the average width of the pores parallel to the heat flux, 'Y is a 
geometrical factor based on average pore shape and T is the absolute temperature. Due to irregular 
vesicle shapes, VA and VL are difficult to assess by geometrical parameter but can be related to an 
incremental volume: volume porosity = VA' VL (RIEHLE, 1973). Thermal diffusivity, as required in 
Eq. 8.5, is related to thermal conductivity by: /'i, = Ko/(Cp ' p). 
This simple one dimensional (lD) cooling model assumes an instantaneous lava emplacement 
with static cooling. According to MANLEY (1992) it gives accurate values for cooling of the upper 
portion of either a static or active lava flow, but it underestimates cooling of the flow base in distal 
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parts of an active lava and overestimates cooling of the flow base proximal to the vent. However, 
MANLEY (1992) suggests that for rhyolite lavas these effects are of second-order so that they only 
slightly change the cooling pattern. 
Matching observed lithological distributions (such as glassy, crystalline, or spherulitic) of a given 
flow or dome with the numerical cooling model allows an estimate to be made, for instance, at the 
time scale for cooling or the onset of spherulite growth. The superimposition of lithological zones 
along this line with the cooling isotherms allows one to estimate the length of time between dome 
extrusion and the onset of spherulite and lithophysae growth. 
To take the entire domal structure into account the above model was extended to a two dimen-
sional (2D) cooling model using the same algorithms and assumptions, but introducing a further 
spatial dimension to model dome cross-sections. Therefore, this 2D model takes into consideration 
not only the previous time step at the adjacent nodes below and above the node in question, but 
also the neighbouring nodes to the left and right, thus simulating a 2D approach. A brief description 
of the two calculation programs (for 1D and 2D cooling) is given in Appendix B. 
8.6 Lithologies and their distribution in a lava dome 
In a comparison of various rhyolite domes, similarities in their constituent lithologies and their 
distribution may be readily recognised. Figure 8.5 attempts to summarise the distribution of 
common lithologies in an idealised way and is based on FINK & MANLEY (1987), DUFFIELD & 
DALRYMPLE (1990) and MCPHIE et al. (1993). Despite these similarities, individual lithologies in 
domes are highly variable in colour, texture and general appearance, so that only a very brief and 
general description of them is given in the following. 
FINK (1984) introduced the now widely accepted and used terminology for describing and dis-
tinguishing the main lithological units in rhyolitic lava flows and dome. The terminology is useful 
when referring to the main rock types in a given volcanic structure. For instance, the finely vesicular 
pumice (FVP) does not refer to specific characteristics in terms of vesicularity, permeability, colour, 
competence, etc. but rather indicates an occurrence on lava flow tops and implies a certain forma-
tion mode. This is readily apparent when one compares FVP units of several rhyolite flows/domes 
which commonly are very different for the different flows/domes. 
As can be seen in Fig. 8.5, a system-
atic textural zonation is present in lava domes 
(and flows). Contacts between the lithological 
zones are gradational with 'transition zones' 
ranging from a few centimetres to several me-
tres. The zonation is defined by a rather 
wide variety of textures which develops upon 
eruption and emplacement of domes and is 
the result of cooling, degassing (mainly 'sec-
ondary boiling'), crystallisation and devitrifi-
cation processes, as well as changing rheolog-
Figure 8.5: Idealised representation of lithological zona-
tion in a rhyolite dome. See text for explanation. 
ical behaviour in response to the previously mentioned processes and developing stresses. One of 
the main factors is that rhyolitic lava flows/domes start to cool before they begin to crystallise, a 
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result ofthe 'nucleation lag' time (see page 61; MANLEY, 1992). 
The two breccia types in Fig. 8.5, carapace breccia and flow base breccia develop in 
response to active dome growth, especially to flexure and folding of the flow surface. Fracturing in 
cooling lava occurs when the tensional stress exceeds its tensile strength, either by increasing the 
stress or decreasing the strength of lava. The carapace breccia consists mainly of primary FVP but 
may also contain CVP and OBS. Expanding and cooling of the outer dome shell leads to brittle 
failure and the formation of fragments which during further dome growth and advance cascade from 
the upper surface and are overridden and incorporated as lava flow breccia underneath the dome. 
At the dome base, overridden fragments are likely to be altered by prevailing heat and forces of 
the overlying dome. Welding of glassy shards and pumice blocks is likely in this environment (e.g., 
MAYO, 1944; MANLEY, 1992). SMITH (1996c) pointed out that large shear strains in the basal 
shear zones of lava flows, at the brittle-ductile transition, also produce brecciated structures which 
may account for the entire basal breccia zone near the vent and otherwise for the upper part of the 
basal breccia. Besides these two breccia types, internal breccias are frequently found within the 
dome, and these are not related to brecciation processes at the flow margin. An internal breccia 
is commonly monolithic with fragmented and rotated blocks set in a pulverised and often oxidised 
matrix (MANLEY & FINK, 1987a). During local flow the shear stress may exceed the tensile strength 
of the lava causing it to fracture into blocks which are then rotated and fragmented. 
MANLEY (1992) pointed out that in the carapace welded shard textures may be present. Glass 
shards and pumiceous breccia blocks of the flow surface may accumulate in the open fractures of 
the carapace at a range of depths. Compressive stresses and elevated temperatures at these depths 
may partially weld these glassy shards and blocks and give rise to textures that mimic textures of 
welded ash flows. Furthermore, welded ashy tephra in the carapace may be derived by fumarolic 
or endogenic explosive activity (MANLEY & FINK, 1987b). 
The finely vesicular pumice (FVP) cools too quickly for any post-eruptive crystallisation 
to take place. Since no overburden pressure is present, water that is still dissolved is driven off 
due to 'secondary boiling' (effervescence). In the FVP bubbles nucleate at a large number of sites, 
and according to MANLEY & FINK (1987a), expand primarily in the direction of the dome surface. 
Vesicle shapes are hence very elongated and their size is relatively small. Flow top vesicularities 
are in the range 25-40 vol-% (CASHMAN & MANGAN, 1994). 
The base of the FVP unit marks the lower limit of effervescence since the load pressure be-
comes larger than the vapour pressure. The obsidian (OBS) unit is commonly vesicle-free and 
frequently shows marked flow banding. Towards the interior the rate of cooling was slightly slower 
and spherulitic growths develop, with their abundance increasing towards the dome centre. Heat 
. retention in the dome interior results in complete crystallisation (or devitrification) to crystalline 
rhyolite (RHY). Vesiculation develops in this unit by a local increase in water vapour pressure due 
to crystallisation of anhydrous mineral phases. 
Coarsely vesicular pumice (CVP) is generally emplaced at an early stage near the flow base 
(FINK, 1984). Vesicles range from angular to very contorted to spherical and are generally larger 
than in the FVP. Often this zone is characterised by an alternation of centimetre-scale obsidian 
layers with centimetre- to metre-scale highly vesicular pumice. The presence of vesicles in the CVP 
unit is due to an increase in local vapour pressure caused by migration of gas through the lava 
(MANLEY & FINK, 1987a). CASHMAN & MANGAN (1994) reported average vesicularities of ca. 20 
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vol-% in the CVP. 
Since the lithological zonation is mainly influenced by cooling processes, differently sized domes 
should show variations in the zonation pattern. In small domes, which cool rather quickly, the 
central core of crystalline rhyolite may be absent. Variations in cooling rates and patterns will 
result in different thicknesses of the lithological units. 
8.7 Summary 
Lava domes show a great variety of morphologies and surface and internal structures. Based on 
physical properties of dome-building lavas, BLAKE (1990) identified four dome types: upheaved 
plugs, Peh~an domes, low lava domes and coulees. Studies on lava domes show that their overall 
shape and morphology are determined by a wide variety of factors which include eruption rate, 
eruption style, cooling rate and local topography. 
Surface structures of lava domes include surface folds, pumice diapirs and crease structures. 
Crease structures are particularly interesting since they show a morphology similar to that of 
columnar joints, suggesting a similar mode of formation. Domes having only one crease structure 
can be used in conjunction with cooling models to calculate extrusion rates. 
The formation of domes is commonly associated with explosive activity which may occur before, 
during, or after the onset of dome growth. Explosive activity is attributed to the build-up of high 
pressures which in turn are due mainly to degassing processes. The three main locations at which 
degassing may occur are the magma chamber, the conduit and the dome itself. Degassing may 
happen in all or any combination of these locations. The degassing process may be modelled as 
occurring in 'open' or 'closed' systems, with the latter mainly responsible for explosive eruption. 
There are two primary degassing processes: isothermal decompression and isobaric crystallisation 
(or 'secondary boiling'). These two processes are sequential rather than contemporaneous, and in-
volve different time scales. Decompression of magma occurs in hours to days whereas crystallisation 
in response to cooling occurs over months or even years. 
The transition from an explosive to an effusive eruption style depends strongly on the interplay 
of magma ascent rates and magma degassing. Relatively slow magma ascent rates (10-4 to 10-2 m 
s-l) allow time for sufficient degassing. Degassing results in a decrease in water in the melt from 
a pre-eruptive water content of ca. 2.5 to >6 wt-% to an average of 0.1-0.2 wt-%. 
Dome growth may be either exogenous or endogenous depending on whether new lava is added 
to the outer dome surface or injected into the dome interior, in which case the dome grows by 
inflation. For exogenous growth to happen there have to be high enough internal pressures to match 
and eventually overcome the carapace strength. The transition from endogenous to exogenous dome 
growth is controlled by the thickness and strength of the dome carapace as well as the lengthening 
of repose intervals. Due to different orientations of lava movement during the two growth modes a 
detailed study of flow banding may reveal the predominant growth mode. 
Laboratory simulations and theoretical studies allow one to gain a knowledge of the controlling 
parameters of dome growth not directly accessible during lava dome growth. The various simulations 
differ mainly in their assumptions about the rheology of the dome-building material. The more 
'realistic' simulations employ a material with a temperature-dependent viscosity and yield strength 
(Bingham behaviour). These studies show that the overall morphology of domes strongly depends 
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on effusion and cooling rates which in turn determine the thickness and strength of a dome's 
carapace. Dome simulations also establish a number of parameters which allow the estimation of 
yield strengths and effusion rates for extinct lava domes. 
The cooling model of MANLEY (1992) has been extended here to model two-dimensional 
flow /dome structures. Knowledge about cooling allows estimates to be made about the overall 
duration of cooling and the onset of crystallisation at various positions in a dome. 
Lava domes display a characteristic lithological zonation dominantly controlled by cooling pro-
cesses, but also by degassing, crystallisation and/or devitrification and various rheological varia-
tions. The main lithological units comprise, from the outside inwards: breccia (either as carapace 
or flow base breccia), pumice (either finely or coarsely vesiculated pumice), obsidian and crystalline 
rhyolite. Any variations in morphological parameters, such as dome size and cooling rate, result in 
variations in thickness of the lithological units. 
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Chapter 9 
Alteration of rhyolitic glass 
Volcanic glasses are thermodynamically un-
stable and are therefore strongly susceptible to al-
teration. They decompose faster and more read-
ily than most of the associated mineral phases. 
Alteration describes any process that acts on 
a rock resulting in chemical and/or textural 
changes. Devitrification is clearly such a pro-
cess but it is described in Chapter 5. Devitri-
fication commonly takes place at high temper-
atures close to the glass-transition temperature 
where it proceeds very rapidly. However, devit-
rification may be facilitated by hydration which 
is another common alteration process for glass. 
Hydration is accompanied by alkali ion exchange 
and minor changes in the overall chemical com-
position. Initially water is incorporated into the 
glass until a saturation level of ca. 3 wt-% H2 0 
is reached, accompanied by only a small amount 
of ion exchange but without decomposing to sec-
ondary minerals (JEZEK & NOBLE, 1978). The 
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Figure 9.1: Alteration of silicic volcanic glasses as a 
function of temperature and water content. Regions 
1-111 mark the hydration intervals: I-melt, II-plastic 
'glass'; III-solid glass. Fields 1-5 indicate typical alter-
ation products: I-montmorillonite, 2-zeolites, 3-
quartz+sericite, 4-calcite, 5-quartz+alk-feldspar. 
Character of medium: 1-3-alkaline, 4-acidic (after 
NASEDKIN, 1981). Field 5 is characterised by devitri-
fication products. Note: the temperature values given 
are related to a case study but may be used as a guide-
line. 
frequent association of obsidian and perlite, as well as the higher water content in perlites, formed 
the basis for the suggestion that perlites are hydrated obsidians (e.g., CHESTERMAN, 1954; Ross & 
SMITH, 1955). Continued hydration intensifies the ion exchange which leads to further weakening 
and breakage of bonds in the glass structure. This final stage of alteration comprises destruction 
of the glass matrix and formation of secondary phases such as clay and zeolite minerals (FISHER & 
SCHMINCKE, 1984). 
In this chapter glass alteration and the products which form during various hydration stages 
are discussed, and the resulting products are summarised in Fig. 9.1. Low-temperature and low-
pressure hydrothermal alteration at and near the surface is also considered. This commonly results 
in the formation of kaolinite, alunite, opal and hydrated iron-oxides. Here the main discussion point 
will be alunitisation. Alteration of rhyolitic glasses in marine environments, formation of bentonites 
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and alteration due to burial diagenesis and metamorphism are not dealt with in this thesis since 
the New Zealand examples of volcanic structures under investigation are clearly of subaerial origin. 
9.1 Hydration and formation of perlites 
Hydration is a much faster process than devitri-
fication. In the presence of 'pure' water, hydration 
rates for obsidians at 603 and 523 K were found to be 
three to four orders of magnitude higher than devitri-
fication rates under the same conditions (MARSHALL, 
1961). This was experimentally substantiated by LOF-
GREN (1979) who found an approximately parallel trend 
for hydration and devitrification curves of glasses, but 
a three to four orders of magnitude difference (Fig. 
9.2). The parallel trend of both curves suggests the 
same activation energy for both processes. In the pres-
ence of alkali-bearing solutions the devitrification rate 
of glasses increases by four to five orders of magnitude 
whereas the hydration rate increases only by one to two 
orders of magnitude (LOFGREN, 1979). 
According to NASEDKIN (1981, 1988) hydration 
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Figure 9.2: Comparison of hydration and devit-
rification rates of obsidians dependent on tem-
perature (after LOFGREN, 1979). 
may occur in the melt, plastic and glassy state (Fig. 9.1). He distinguishes between 'primary' 
and 'secondary' hydration which are characterised by different alteration products. During cooling 
ofthe melt mineralised water in the liberated vapour phase, together with other volatile components, 
interacts with the melt to form new minerals such as magnetite, spinel, sylvine, halite, antigorite, 
clinochrysotile and hallyosite, which are characteristic products of the 'primary' hydration. 
During cooling, when the melt has passed the glass-transition point and is in the solid state, 
'secondary' hydration may occur over the entire temperature range from the glass-transition tem-
perature to ambient temperature. Certain temperature ranges 1 are characterised by typical miner-
alisation products (cf. also Fig. 9.1): 
up to 373 K : glass + (a + b) H20 -+ glass· aH20 + bH20 -+ mnt + cri (9.1) 
373-573 K : glass + (c + d) H2 0 -+ glass· c H20 + d H20 -+ cpt( +md) + cri (9.2) 
573-873 K: glass + (e + f) H20 -+ glass· e H20 + fH2 0 -+ cpt + plag + bio(mus) + cri (9.3) 
The conversion products up to ,,-,1073 K are commonly finely crystalline or felsitic aggregates of 
quartz and feldspar indicating devitrification of glass2 (see Section 5.3). Formation of montmoril-
lonite is thought to be the result of reaction in an open system, whereas zeolites commonly form in 
a closed system. 
1 These temperature ranges were established for a case study (NASEDKIN, 1981) but may be regarded as a guideline. 
2Water released during crystallisation of these anhydrous minerals forms hydrated regions around the crystals and 
facilitates their growth (FRIEDMAN & LONG, 1984). 
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The transition from hydrated glass to regions dominated by zeolites and/or montmorillonite is 
occasionally sharp and occurs within a distance of a few centimetres to decimetres. HAY (1963) 
described three overlapping stages within the transition zone: (i) formation of clay minerals such as 
montmorillonite in the more intensely altered fractures in perlites, (ii) (partial) dissolution of glass 
and (iii) formation of mainly zeolites and other authigenic minerals such as cristobalite, biotite, 
and muscovite in original vesicles or in newly created cavities. 
The term 'hydration' in its common use in literature encompasses both hydration, s.s. (e.g., 
adsorption of water at the glass surface and slow diffusion of water into silicate melts/glasses) and 
leaching (e.g., dissolving and diffusion of cations out of the glass into the fluid) which is due to 
partitioning of components between the two phases (ZHANG et al., 1991). During hydration water 
and silicate are both mobile. Although the initial saturation level of water in obsidians is ca. 3 
wt-%, water concentration in hydrated obsidian may be as high as 7 wt-% (e.g., LEE et al., 1974). 
9.1.1 Hydration mechanism 
According to a widely accepted model, hydration of glass involves the formation of hydronium 
ions (H30+) at the surface of obsidian glasses (DOREMUS, 1975) and subsequent interdiffusion of 
hydronium ions and mobile alkali ions from within the glass (LAURSEN & LANFORD, 1978; WHITE, 
1984). Diffusion of cations out of the glass is equivalent to diffusion of hydronium ions from the 
surrounding environment into the glass (BOKSAY et al., 1967). Interdiffusion of monovalent alkali 
ions, Na+ and K+, with positive hydronium ions follows the equation (where R = Na+, K+): 
(9.4) 
which requires the release of the structurally bound alkalis: 
(9.5) 
The availability of hydronium ions allows a substitution for the alkali ions and a removal of them 
by interdiffusion 3. 
Continued hydration, especially at elevated temperatures under hydrothermal conditions or 
under decreasing pH (e.g., WHITE & CLAASEN, 1980; BOUSKA, 1993), leads to the release of silicon 
into solution as hydroxyl ions from the solution attack on bridging oxygens to form non-bridging 
oxygens: 
Si-O-Si + OH- -+ Si-OH + Si-O- (9.6) 
The newly formed non-bridging oxygens react with water to form silanol groups at the glass surface 
3 However , the hydrated glass is not completely depleted in alkali ions (LAURSEN & LANFORD, 1978) which suggests 
that they are immobilised in some way. Optical studies by ERICSON et al. (1975) indicated that up to 10 % of obsidian 
is made up of microscopically crystalline domains. This fact was substantiated by X-ray studies which proved the 
existence of ordered crystalline phases in 'purely glassy' obsidian (e.g., ELLIS & MAHON, 1967). Crystalline phases 
in glass will slow down hydration since they hydrate many orders of magnitude slower than the glass (LAURSEN & 
LANFORD, 1978). 
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as well as further hydroxyl ions which continue to destroy the siloxane bonds (Eq. 9.6): 
(9.7) 
As the concentration of hydroxyl ions increase the process of glass destruction becomes autocatalytic 
(BOUSKA, 1993). 
A second model of hydration favours the diffusion of molecular water as the main water species 
into the glass matrix (e.g., KARSTEN et ai., 1982, see page 35). However, there is no experimental 
data to support ionic interdiffusion involving molecular water, and it may be that molecular water 
diffuses into already hydrated glass. 
Studies on chemical variation in altered obsidian surfaces using sputter-induced optical emission 
by TSONG et ai. (1978) showed that H had the deepest penetration, with network-modifying cations 
(K, N a, Li, Mg) showing a strong concentration variation whereas network-formers such as Si and 
Al remained essentially constant. This points to H as the element initiating hydration of obsidian 
glasses. 
Hydration is strongly dependent on time, temperature and on chemical composition, so that 
hydration rates increase with increasing temperature but decrease with increasing CaO and MgO 
and decreasing silica content in rhyolite glasses (FRIEDMAN & LONG, 1976). The concept of 
hydration rates for obsidians was initially developed for dating of obsidian artifacts (FRIEDMAN 
& SMITH, 1960; FRIEDMAN et ai., 1966; FRIEDMAN & LONG, 1976). According to FRIEDMAN & 
SMITH (1960) hydration rates vary with temperature according to: 
(9.8) 
where x is the depth of penetration of water in microns, k is the diffusion rate constant for a 
given temperature (k ranges from < 1 to 20 112/103 years; FRIEDMAN et ai., 1966; FRIEDMAN & 
TREMBOUR, 1978), and t is the time in years. The diffusion rate constant, k, not only depends on 
temperature, but also on the water content of the glass which forms a concentration gradient from 
the glass surface inwards as water diffuses into the glass (FRIEDMAN et ai., 1966). Experimentally 
derived 'diffusion coefficients' for hydration are on the order of 2-30 I1m2/103 years (FRIEDMAN & 
LONG, 1976) and 40 I1m2/103 years (NEWMAN et ai., 1986) at 25°C. 
Hydrated and non-hydrated glass are separated by a sharp line, the hydration front, which in 
plane-polarised light is seen by strain birefringence and sometimes by a change in colour of the glass 
(LOFGREN, 1971b). 
9.1.2 Formation and characteristics of perlite 
Hydrated obsidian is commonly characterised by curved concentric fracture lines and is then called 
perlite. These lines form the so-called perlitic cracks and give the glass an onion-like appearance. 
Chemical investigations of perlites show that the fractured, hydrated regions of perlite are enriched 
in meteoric water whereas the still obsidian-like cores retain their original magmatic water content 
(e.g., Ross & SMITH, 1955; FRIEDMAN et ai., 1966). On the basis of stable isotope dates FRIEDMAN 
& SMITH (1958) showed that the water in perlite is derived from meteoric water with partial 
fractionation. A systematic fractionation of 6'180 in the perlite was also found by Taylor (1968). 
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Obsidians with very low water contents have 818 0 values directly related to the magma from which 
they were formed. 
Formation of perlitic cracks is explained by three theories which are briefly discussed here. 
I. Perlitic cracks may be the result of hydration of glass, i.e., they represent fractures releasing 
strain imposed by the volume change due to incorporation of water (e.g., Ross & SMITH, 1955; 
FRIEDMAN & SMITH, 1958; FRIEDMAN et al., 1966). This theory does not specify temperatures 
and the time period after glass formation at which meteoric water is incorporated. 
Formation of perlite from obsidian involving water intake, according to the simple equation: ob-
sidian + n·H2 0 -+ perlite, was experimentally confirmed by FRIEDMAN et al. (1966) and NASEDKIN 
(1988). A low-temperature postmagmatic hydration of obsidian was inferred by BYKOV (1996) on 
the basis of near-infrared transmission spectroscopy on coexisting obsidian and perlite in marekan-
ites from Marekanskoe, Khabarovsk District, Russia. Calorimetric studies also suggest that perlite 
may form by glass hydration (STOLYROVA et al., 1996). 
DAVIS & MCPHIE (1996) described perlitic dikes within the Late Devonian Silver Hills Volcanics, 
Queensland, Australia, which were perlitic throughout due to a pervasive set of cooling fractures 
that predate hydration of the rhyolitic glass. This examples proves that larger volumes of obsidian 
may be hydrated to perlite given a pervasive network of fractures. 
However, the rate of water diffusion into glass is very slow: at 473 K it is 2.103 to 2.5.103 pm 
yr-1 and at 293 K only 1 mm per 1 Myrs. This indicates that in the absence of pervasive fracture 
networks, hydration of glass starting at the surface, and formation of perlites by meteoric water is 
unlikely to form large perlite deposits. For the latter, mechanisms other than 'secondary hydration' 
have to be invoked. 
II. Another theory proposes that rapid cooling leads to strain which is released by perlitic cracking 
at high temperatures, with subsequent absorption of meteoric water by the fractured glass (e.g., 
MARSHALL, 1961). YAMAGISHI & GOTO (1992), for instance, explained the formation of macrop-
erlites in subaqueous glassy rhyolites as the result of thermal stresses due to quenching. It is true 
that contraction due to rapid cooling may result in brittle failure of glass and formation of fractures. 
However, theories of cooling contraction predict planar and curvi-planar fracture patterns (cf. Sec-
tion 7.2.2 on page 112) which are oriented normal to cooling isotherms rather than the concentric, 
arcuate to sub-spherically curved perlitic cracks. Therefore perlitic cracks may be regarded not as 
the direct result of fracturing due to rapid cooling alone, but they may release 'residual' stresses 
from the cooling process still present in the glass (ALLEN, 1988; DAVIS & MCPHIE, 1996). 
Studies by KELLER & PICKETT (1954) and DRYSDALE (1979) showed that cooling rate and 
temperature at which hydration commences influence the textures produced by hydration. At 
relatively high temperatures and slow cooling, glasses lack perlitic cracks and have structures that 
can accommodate subsequent LT-hydration without contraction and hence without forming perlitic 
cracks. However, rapidly cooled glasses which did not fracture during cooling may preserve 'residual' 
stresses which during hydration at low temperatures and resulting structural re-arrangement lead 
to contraction and formation ofperlitic cracks (DRYSDALE, 1979). In comparison to the first theory, 
'residual' stresses are already present which are then increased by strain to allow water incorporation 
during hydration. 
III. MARAKUSHEV et al. (1988) and NASEDKIN (1996) suggested the existence of a reverse reaction 
in which both perlite and obsidian may form directly from the melt: melt + nH2 0 -+ obsidian + 
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perlite + H20vapour' Perlite is thus formed as the result of accumulation and redistribution of 
water in the plastic state at temperatures between lO73-1273 K (see Fig. 9.1 on page 161). Water 
vapour migrates into regions of lower temperature and pressure resulting in an obsidian-perlite 
zonality (NASEDKIN, 1981; ILKEY-PERLAKI et ai., 1996). FINK & KIEFFER (1993) also suggested 
that water-rich regions formed as the result of migration and concentration of volatiles beneath a 
nondeformable dome carapace, possibly supplemented by the crystallisation of anhydrous minerals 
in the dome interior. 
According to N ASEDKIN (1996) the formation of water-rich melt regions may proceed in two 
stages: (i) separation of vapour phase from the melt and (ii) absorption of the vapour phase by the 
melt or hot glass. In the first stage the oxygen isotope composition in each phase (e.g., vapour and 
melt) will be determined by thermodynamic and kinetic isotope effects. Initially the kinetic isotope 
effect dominates, but the thermodynamic isotope effect then becomes dominant and results in an 
isotope exchange: 
(9.9) 
The result is an increase in 180 for in the melt or obsidian. The second process of accumulation 
of water in the melt or hot glass may also result in the disruption of the equilibrium fractionation 
of oxygen. Here, the melt or hot glass may initially be depleted in 18 0 which then attains an 
equilibrium state: 
(9.10) 
With increasing temperature, 1518 0 will increase which may result in an accumulation of 18 0 in the 
upper part of an extrusion. This hypothesis was tested and confirmed for obsidian-perlite pairs from 
various rhyolite flows and domes in Transcaucasus and Kamchatka. Studying the water speciation 
in perlites, KELLER & PICKETT (1954) suggested that the perlite structure closely represented the 
structure within the magma at the time of rapid chilling. 
Hydration can therefore be subdivided into 'primary' and 'secondary' depending on whether it 
occurred in the melt (third theory) or whether it occurred subsequent to the glass formation either 
by water incorporation alone (first theory) or in combination with 'residual' cooling stress (second 
theory). 
Some glass properties change with conversion from obsidian to perlite (e.g., refractive index). 
Ross & SMITH (1955) determined the dependence of refractive index, n, on water content in 
perlites and found a linear dependence between these parameters which may be described by two 
equations: (i) for water contents < ca. 0.3 wt-%: n = 1.4815 + 0.0014 . water and (ii) for water 
contents between ca. 0.3-3.4 wt-%: n = 1.4849 + 0.0017 . water. 
9.1.3 Chemical changes accompanying hydration 
Chemical analyses of obsidian-perlite pairs show that perlites are commonly depleted in Na and Si 
and enriched in K (e.g., ARAMAKI & LIPMAN, 1965; LIPMAN, 1965; LIPMAN et ai., 1969; JEZEK & 
NOBLE, 1978). Although there exists a general trend of K20 enrichment in perlites, occasionally 
a marked depletion of K20 may be found. NOBLE (1967) suggested that in the early stages of 
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hydration potassium is enriched, but that it is leached with continued hydration. Total iron content 
shows no variation, although hydrated glasses are characterised by a very significant oxidation and 
have lower FeO/Fe203 ratios than associated obsidians (NOBLE, 1967). 
Hydration also results in minor changes in trace element contents of hydrated glasses such as 
a depletion in Li, Cr, V, Ti, Co, Ni and Zn and an enrichment in Ba, Cs, Mo, Sr, U, Mg, As, Bi 
and Sb (NOBLE et al., 1967; ZIELINSKI et al., 1977; BOUSKA, 1993). Chlorine and fluorine contents 
show variable behaviour, being enriched in some cases (ZIELINSKI et al., 1977), depleted in others 
(NOBLE et al., 1967), or showing no variations in coexisting obsidian-perlite pairs (FRIEDMAN & 
HARRIS, 1961). 
9.2 Zeolites as an alteration product 
In alkaline environments the glass structure breaks down in the following steps: (i) adsorption 
of OH- onto =Si-O-Si= groups; (ii) breakage of =Si-OH and =Si-ONa bonds, accompanied 
by expansion of the Si04-tetrahedra in the glass, and (iii) breakage of all bridging bonds and 
release of individual Si04-tetrahedra from polymer chains which allows the reorganisation of free 
Si04-tetrahedra to act as nuclei for secondary minerals (BOUSKA, 1993). The depolymerised glass 
structure facilitates diffusion of cations, such as Na, K and Fe, as well as the reorganisation of 
Si04-tetrahedra. Alkalies may migrate into the glass. 
HARRIS & BRINDLEY (1954) stressed the close similarity in chemical composition of the original 
glass and resulting zeolites and suggested that the nature of the zeolites formed depends largely on 
the composition of the original glass. However, as outlined in the previous paragraph, availability 
of elements is also strongly controlled by the nature of the hydrothermal system interacting with 
the glass. 
The mechanism of zeolite formation from volcanic glass is poorly understood but involves one 
or more of the following mechanisms: (i) zeolite formation directly from the glass with addition 
only of H20 (e.g., SURDAM & EUGSTER, 1976); (ii) precipitation of an alumino-silicate gel from 
the solution of glass and subsequent zeolite growth from the gel (e.g., MARINER & SURDAM, 1970); 
or (iii) direct precipitation of zeolite from solutions of glass (e.g., HAY, 1963, 1966). The rate of 
glass solution increases with both salinity and alkalinity (HAY, 1966). 
TAYLOR & SURDAM (1981) described zeolite formation from gels starting with phillipsite which 
may then alter further to other zeolites depending on the availability of cations: 
glass + alkaline water -7 hydrous alkali aluminosilicate gel -7 phillipsite 
phillipsite + K+ + H4Si04 -7 clinoptilolite + N a + + H20 
phillipsite + Na+ + H4Si04 -7 mordenite + K+ + H20 
clinoptilolite + Na+ + H4Si04 -7 mordenite + K+ + H20 
(9.11) 
(9.12) 
(9.13) 
(9.14) 
Analcite forms not by weathering but rather by reaction of phillipsite with Na+ -rich solutions, e.g., 
in an alkaline medium: 
phillipsite + Na+ -7 analcite + K+ + H4Si04 (9.15) 
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A similar alteration sequence of lateral mineral changes in saline, alkaline lake deposits was described 
by SHEPPARD & GUDE (1973). In addition to the above mentioned zeolites, chabazite and erionite 
were described. Also, in the central part of the lake, K-feldspar was deposited and is separated 
from the other zeolite zones by a zone of analcite. 
The above cited sequence of zeolite formation may be explained by the following considerations. 
Under hydrothermal conditions dissolution of glass results in the formation of large molecules of hy-
drated silica such as cyclic Si40s(OH)!- tetramers, SiO(OH)3" and Si02(OH)~- (BAES & MESMER, 
1976). Cyclic silicon tetramers of the Si40s(OH)!--type probably form the basic components in the 
formation of zeolites such as phillipsite, the structure of which is dominated by four-membered rings 
of Si04-tetrahedra. Condensation reactions result in the formation of phillipsite and, therefore, in 
an increase in the ratio of monomeric to tetrameric compounds. This may favour the formation 
of zeolites having four- and five-membered rings (e.g., tetramer + monomer) in their structure, 
such as clinoptilolite and finally zeolites which are characterised by five-membered rings such as 
mordenite (HAWKINS, 1981). Phillipsite is thermodynamically unstable, relative to clinoptilolite 
and mordenite, in silica-rich alkaline hydrothermal solutions and alters to other zeolites according 
to the sequence phillipsite -t clinoptilolite -t mordenite. 
HARRIS & BRINDLEY (1954) regarded zeolites as intermediate breakdown products of volcanic 
glasses and suggested that zeolites might be more common than is thought. In pitchstone dikes at 
Tomore, Arran, Scotland, they found mordenite, the most stable of the zeolites, as an alteration 
product. 
9.3 Alunitisation and related hydrothermal alteration 
STEINER (1977), in studies of the Wairaki geothermal area, New Zealand, distinguished between 
supergene and hypogene alteration while discussing hydrothermal alteration. Supergene alteration 
occurs locally at and near the surface, and its intensity decreases down to ca. 65 m giving way 
to hypogene alteration. Characteristic products of the supergene alteration of primary plagioclase, 
Fe-Mg minerals and silicic glass are kaolinite, alunite, opal and hydrated Fe-oxides. 
Alunitisation is closely related to mineralisation in the volcanogenic sulphur, iron sulphide and 
iron hydroxide ore deposits belonging to the disseminated replacement type. Alunite is especially 
enriched in the alteration zone enclosing sulphur deposits which were formed in more acid environ-
ments (TAKEUCHI & ABE, 1967). In the mineralisation of the disseminated replacement type of 
sulphur deposits, hot acid solutions, composed mainly of H20, H2S04, H2S and H2S03 but also 
with CO2 and dissolved sulfates, play the most important role. Mixing of these solutions with 
groundwater results in oxidation and concentrated sulfuric acid solutions bearing H2S. Penetration 
of the surrounding country rocks leads to intense acid alteration and formation of acid alteration 
aureoles composed of kaolin-alunite-silica minerals (where silica is represented by opal, cristobalite 
and chalcedony; TAKEUCHI & ABE, 1967). 
When kaolin minerals, which were formed in an early stage, react with sulphuric acid solutions, 
the formation of Alz(S04h and silica gel (Si02·H20) is expected (ABE & TAKEUCHI, 1967): 
(9.16) 
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Next, aluminium sulphate dissolves in groundwater and forms aluminium sulphate solutions which 
react with feldspars to form alunite, cristobalite and sulphuric acid: 
(9.17) 
According to HARVEY & VITALIANO (1964) alunite may also be formed by the reaction of 
sulphuric acid with K-mica: 
(9.18) 
Alkalis (especially potassium) are essential for alunitisation and alkali content is assumed to be a 
controlling factor for the alteration rate (TAKEUCHI & ABE, 1967). 
Hematite was produced from magnetite in hydrothermal experiments using aluminum sulphate 
solutions (HARVEY & VITALIANO, 1964): 
(9.19) 
TAKEUCHI & ABE (1967) and ABE & TAKEUCHI (1967) experimentally studied the hydrothermal 
alteration of rhyolites, andesites and dolerites and described the alteration stages. Experimental 
conditions were as follows: T = 200°C, p = 180 kg cm-2, aluminium sulfate solution as artificial 
hydrothermal solutions, duration of 15 days. In the earliest stage glass and plagioclases in the 
groundmass, as well as plagioclase phenocrysts, become cloudy. Next the groundmass is extensively 
clouded and alunite starts to form along the rims, cleavages and cracks of plagioclase phenocrysts. 
Plagioclases rich in sodium (An28-35) are particularly affected. Sometimes cristobalite is formed 
along the rims of the plagioclase phenocrysts. Up to this stage quartz phenocrysts are not affected. 
In the final alteration stage glass, anorthoclase and plagioclase in the ground mass are completely 
altered, but the original texture remains almost unchanged. Spherulites of cristobalite are frequently 
observed in cavities. Plagioclase phenocrysts are almost completely altered to alunite aggregates, 
although crystal shapes and even the position of twin composition planes in the original plagioclase 
phenocrysts remain visible. Quartz shows evidence of corrosion, while iron oxides are altered to 
hematite, as previously suggested by HARVEY & VITALIANO (1964). 
Compared to andesites and dolerites, rhyolites were most sensitive to alunitisation showing the 
sharpest and largest peaks in DTA analyses and the highest intensity peaks by X-ray diffraction. 
Chemical analyses showed an increase in Ab03, S03 and H20, whereas all other components 
decrease, with a marked decrease of 8 wt-% Si02 in the alunitised rhyolites. 
9.4 Summary 
Volcanic glasses are thermodynamically unstable and are therefore very susceptible to alteration 
processes. 
The initial stage of glass alteration is hydration s.s which encompasses hydration as such 
(e.g., adsorption of water at glass surfaces and slow diffusion of water into silicic melts/glasses) 
and leaching (e.g., dissolving and diffusion of cations out of the glass into the fluid). By destroying 
bridging bonds between silicon and oxygen, hydration results in a weakening and eventual break-
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down of the glass structure, facilitating various forms of alteration. Depending on the temperature 
at which hydration occurs it is subdivided into 'primary' and 'secondary' hydration. 'Primary' 
hydration occurs in the melt stage and 'secondary' hydration occurs at any temperature below 
the glass-transition temperature. Hydration in different temperature ranges results in characteristic 
mineral assemblages. 
Perlites are the result of the hydration of obsidians and are characterised by a high water 
content and the characteristic concentrically arranged, arcuate fractures, the so-called perlitic 
cracks. 
In terms of chemical changes, hydrated glasses are commonly depleted in N a and Si and show 
variable K, with an enrichment in early hydration stages and a depletion with continued hydration. 
There is no variation in the total iron content, but hydrated glasses show a marked oxidation. Trace 
elements are affected only to a minor degree. 
In environments with alkaline solutions rhyolite glass alters readily to zeolites, and a sequence 
of zeolite stability has been established: phillipsite ~ clinoptilolite ~ mordenite. Glass dissolution 
results in the formation of hydrated silica compounds, such as cyclic silica tetramers as well as 
monomers, which are probably the basic components in the formation of zeolites. 
Alunitisation is a characteristic alteration process at low-temperatures and low-pressures in-
volving acid aluminium sulphate solutions. Reaction of the solution with alkali-bearing minerals, 
such as alkali-feldspar and K-mica, results in the formation of alunite and cristobalite. Micro-
scopically, alunitisation is evidenced by cloudiness of plagioclases and the glassy ground mass which 
becomes more intense with progressing alunitisation. Cristobalite forms at the rims of plagioclase 
phenocrysts and may also be found as spherulites in cavities. Finally, plagioclase phenocrysts are 
completely replaced by alunite, but their crystal shape and the position of twin composition planes 
remain visible. Original magnetite alters to hematite. 
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Part III 
Observations and interpretation on 
rhyolite domes in four field areas 
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Chapter 10 
N gongotaha Dome 
10.1 Dome morphology, quarry layout and sample locations 
The extent to which Ngongotaha Dome is exposed by Henderson's Quarry is shown in Fig. 10.l. 
In this photograph the different working benches at which quarrying is carried out can be seen. 
There are four main levels in the quarry which are marked by the tracks used by lorries. These 
are referred to as the first to fourth level starting from the bottom to the top level. The second 
level is subdivided into a lower and upper level. Fig. 10.2 gives an overview of the first three levels 
of the quarry. It also shows the approximate height differences between working benches. After 
the first field season, the fourth level was subdivided into a lower, middle and upper level which 
in turn were further subdivided in the following year (Fig. 10.3). The basic threefold subdivision 
was kept for reference purposes and all data and samples gathered in the second field season were 
attributed to the original three sublevels. Most of the working faces were accessible although not 
over their entire height. Ongoing quarrying meant that for most of the two field seasons fresh rocks 
were exposed. However, not all quarry areas were accessible all the time because of variation in 
quarrying or explosive activities. 
Ngongotaha Dome is schematically sketched in Fig. 10.5 showing the relation of Henderson's 
Quarry to the entire dome as seen from the East, using a slightly oblique birds-eye perspective. Also 
shown are the four main levels as defined by the lorry tracks. The 'base map' is a two-dimensional 
representation of the quarry that is used to represent selected results and data. The E-W cross 
section in Fig. 10.5 indicates the extent to which Ngongotaha Dome is exposed by the quarry. It 
also shows that the outcrops expose the interior in a step-like manner. 
Using aerial photographs and topographical maps the dome height is estimated as ca. 140 m, 
the dome diameter as ca. 950 m and the circumference as ca. 3000 m. Estimation of the dome 
height uses the assumption that the present day top surface of the dome has not been significantly 
eroded and that the lowermost exposed dome level in the quarry is ca. 10 m above the dome base. 
The lowermost exposed lithologies of Ngongotaha Dome comprise a basal vitrophyre1 consisting of 
lThe term 'basal vitrophyre' was chosen as it is frequently referred to in the literature. In the discussion in 
Section 10.2.2 this lithological unit will be referred to as L.OBS (lower spherulitic-crystallised obsidian). In this 
thesis naming of lithologies, especially the usage of abbreviations, follows the recent 'convention' in literature based 
on papers by FINK, MANLEY, STEVENSON and others. Examples are FVP for finely-vesicular pumice, OBS for 
obsidian and RHY for the crystalline rhyolite (see Section 8.6 on page 156). These terms are regarded as useful in 
the sense as they refer to certain lithological units in a given rhyolite flow/dome which allows a comparison with the 
presence/absence of such units at other flows/domes without implying that anidentical textural variety is found for a 
173 
CHAPTER 10. NGONGOTAHA DOME 
Figure 10.1: Ngongotaha Dome as seen across Lake Rotorua (same viewpoint as for Fig. 2.2 on page 7). The 
large extent to which Ngongotaha Dome is exposed by Henderson's Quarry is clearly visible. Also shown are 
the various levels at which quarrying is done. 
Figure 10.2: Overview over the first three levels of Henderson's Quarry as seen from the left side of the quarry 
(position is indicated by the circle in Fig. 10.5). 
Figure 10.3: Overview over the entire fourth level (position is indicated by the cross in Fig. 10.5). Ongoing 
quarrying after the first field season subdivided the original three-fold division further. Two prominent features 
are the carapace breccia at the dome top and black late-stage obsidian squeeze-ups which may be traced over 
several (sub )Ievels. Note that especially the left squeeze-up widens and 'branches' as it terminates just under 
the dome surface. Above this termination a lense of parallel-layered pumice fall-out is visible. 
Figure 10.4: Another form of a late-stage obsidian squeeze-up with straight parallel side walls right up to its 
intersection with the dome surface-as opposed to the 'branching' and widening of the black late-stage 
obsidian squeeze-up in Fig. 10.3. This squeeze-up once may have formed a spine protruding through the 
dome surface. The grey colour of this obsidian is due to a higher abundance of tiny vesicles as compared to 
the vesicle-free black obsidian of the squeeze-ups in Fig. 10.3. 
alternating layers of partly crystallised obsidians and (autobrecciated) breccias. A comparison with 
rhyolite flows/domes described in the literature (e.g., BONNICHSEN & KAUFFMAN, 1987; SUMNER, 
1995a, 1995b) shows that this unit is between 10 and 20 m so that an overall dome height of ca. 140 
m is justified. The morphological estimates of Ngongotaha Dome yield a dome volume of ",,0.058 
km3 . This volume is comparable with the near-vent portions of Obsidian Dome, California (0.04 
km3 ) and the average volume of South Sister Domes, Oregon (0.03 km3 ; data taken from FINK & 
GRIFFITHS, 1998). 
Samples were taken according to the following criteria: accessibility, coverage of all occurring 
lithologies, coverage of the entire exposed dome area and a wide variety of flow features, devitrifica-
tion features as well as mineralisations in lithophysae and other opening structures. A sample list 
is given in Appendix C. Fig. 10.6 shows all samples collected directly from working faces. All other 
samples were taken from rubble screes at different quarry levels and references to their locations are 
given in the appropriate discussion. These samples include those showing mineralisation of opening 
structures, samples with good flow features, and examples of devitrification. 
specific unit at two different localities. Within a certain frame lithologies vary in their appearance and texture within 
one rhyolite flow/dome and from one location to another, but certain parameters characterise a unit sufficiently to 
allow a comparison to be made with other flows/domes. In section 10.2.2 textural differences of lithological units 
occurring at Ngongotaha Dome and comparable units from other localities are noted. 
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Cross section 
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Figure 10.5: Schematic relationship of Henderson's Quarry to Ngongotaha Dome. The horse-shoe shaped working 
face of the quarry faces approximately east. The quarry has four main working levels which are each approximately 
20 m high. Also shown are the main tracks used by lorries (thin black lines in the quarry). The circle in the quarry 
area indicates the position from which Fig. 10.2 was taken which gives an overview over the first three level. The 
cross shows the view point of Fig. 10.3 which overlooks the entire fourth level. The projected 'base map' shows 
the relation of the four main working levels and lorry tracks to the quarry-this map will be used in some of the 
following figures to illustrate sample locations and selected results. The E-W cross section cuts right through 
Henderson's Quarry and gives an approximate idea of the extent to which the dome is exposed by the quarry. 
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Figure 10.6: Map of sample locations. Only those samples taken directly from the working faces are plotted. All 
other samples were taken from rubble screes and their location is given in sections of relevant discussions. Working 
faces with good exposure and good accessibility are shown by thick middle-grey lines. All other faces were either 
covered by rubble scree or vegetation and are shown in thin middle-grey line. Line sections with attached numbers 
refer to appropriate numbers of slides which are included in the CD-ROM. These slides give a photomosaic of 
almost all working faces of Henderson's Quarry. 
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10.2 Main lithologies, their distribution and flow structures 
In this section the results of mapping the working benches are summarised. This includes a discus-
sion of the distribution of main lithologies and their description. Attention is paid to various forms 
of lithologies characterised by spherulites and their distribution. Furthermore, the orientations of 
flow layering and shear sense indicators are used to infer the likely flow situation in the quarry. 
All working benches have been mapped as far as access allowed. In general, mapping was re-
stricted to the lowermost two metres of the benches, although large fractures and rubble screes 
allowed access to outcrops located higher up in the benches. Detailed field sketches and a pho-
tomosaic of each working bench proved valuable in reconstructing the outcrop situation which is 
summarised in Fig. 10.7 and shown in detail in Fig. 10.8. 
10.2.1 Distribution of main lithologies 
N gongotaha Dome is characterised by a wide variety of lithologies. Each lithology has a certain 
texture and composition which may vary to a small extent but which have common features. The 
following lithologies are described in the next section: 
- carapace breccia (CB) 
- finely-vesicular pumice (FVP) 
- upper and lower spherulitic obsidian2 (U.OBS and L.OBS) 
- felsitic rhyolite (RHY) 
- felsitic rhyolite dominated by lithophysae, 'lip'-structures and spherulites (CRHY) 
Fig. 10.8 shows that the main lithologies are concentric. The distribution of main lithologies 
follows therefore the overall dome outline (Fig. 10.7). The transition between the main lithologies 
is gradual as well as interfingered, but never sharp, which points to a gradual formation process. 
The thicknesses of individual lithologies, as indicated in Fig. 10.7, are inferred from their exposure 
extent at the working benches. 
The distinction between CB and FVP is often not defined and both seem to be strongly interfin-
gered. Both lithologies are therefore described together. As can be seen in Fig. 10.7 the concentric 
arrangement of lithologies requires a repetition of some lithologies in cross sections from the dome 
top to the dome bottom. Since the CRHY forms the dome centre it is underlain again by RHY 
which in turn is underlain by partially spherulitic obsidian (L.OBS). The L.OBS represents the 
lowermost exposed lithology in the quarry and is characterised by the presence of fresh obsidian 
bands and lenses which are not present in the equivalent lithology above the dome centre (i.e., 
U.OBS). Furthermore, the L.OBS has bands of autobreccias which alternate with fresh obsidian 
bands as well as bands of partially spherulitic-crystallised obsidian. 
Fresh obsidian also occurs as late-stage obsidian squeeze-ups (figs. 10.7 and 10.8) which cut 
through all other lithologies and which may be traced across several (sub) levels. These squeeze-ups 
either terminate at some level in the dome (e.g., Fig. 10.3) whereby they often widen and 'branch' 
at the termination or they cut right through the dome surface (e.g., Fig. 10.4) and may have once 
2The term 'spherulitic obsidian' was chosen in the sense of 'spherulitic crystallised obsidian' as the onset of 
spherulite crystallisation in terms of 'true' crystallisation from a melt vs. devitrification from obsidian cannot be 
derived from field evidence. The term 'spherulitic-devitrified' would imply a formation after consolidation although 
no proof was found in the field. 
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Figure 10.7: Schematic representation of the distribution of main lithologies. Exposures of lithologies in the 
quarry suggest a concentric orientation of main lithologies which is similar to that shown in Fig. 8.5 on page 156. 
Note: The CVP and dome-base breccia are not exposed in the quarry but their presence is inferred by comparison 
with other rhyolite flows/domes. See text for discussion. 
formed spines. One FVP-pocket was also found in the upper second level at the left hand side next 
to a late-stage obsidian squeeze-up (Fig. 10.8). 
Comparing the distribution of main lithologies (Fig. 10.7) with the idealised representation 
of lithological zonations in a rhyolite dome (Fig. 8.5 on page 156) a close similarity is evident. 
Differences arise in the absence of a fresh obsidian layer in the upper sequence (D.OBS), of a 
pronounced coarsely-vesicular pumice (CVP) and of the dome-base breccia below the L.OBS at 
Ngongotaha Dome. Although the L.OBS at Ngongotaha Dome has a relatively high abundance of 
vesicles along some flow layers its characteristics are different from the CVP described by MANLEY 
& FINK (1987a). 
The overall distribution of lithologies at Ngongotaha Dome is comparable to that at Obsidian 
Dome, California. Similarities include in the presence of a brecciated pumiceous crust consisting 
of jumbled blocks about one metre across, massive obsidian outcrops at the dome margin forming 
discontinues bands below the dome top (similar to late-stage obsidian squeeze-ups at Ngongotaha 
Dome) and the lithophysae-bearing dome interior with a microcrystalline texture (e.g., VOGEL et 
ai., 1989). 
The dome surface is covered by vegetation so that no morphological features, such as the presence 
of crease structures, surface folds or pumice diapirs as described in Section 8.1.2 on page 139 can 
be identified. However, in places small lenses of parallel-layered pumice fall-out are present such as 
seen at the dome top above the squeeze-up termination in Fig. 10.3. These lenses may indicate a 
somewhat uneven dome surface. 
10.2.2 Description of main lithologies 
Carapace breccia (CB) and finely-vesicular pumice (FVP) 
Both lithologies, CB and FVP, are discussed together as they are very difficult to discern in the 
field and commonly occur together in a very interfingered manner. Most of the CB is made-up of 
FVP material, with different degrees of comminution. 
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Figure 10.8: Distribution of main lithologies, lithophysae, spherulites, and 'Iip'-structures. A summary of the distribution of main lithologies in respect to the entire dome 
is given in Fig. 10.7. Note the presence of late-stage obsidian squeeze-ups which are continuous over relatively long distances and which may be traced across several 
(sub )Ievels. To the left of the upper second level a FVP pocket is visible. Also shown is the trace of the flow banding as seen at the outcrops. In Fig. 10.27 the orientation 
of flow layering in terms of dip and strike is given. Note the discordancy in flow layering to the right of the centre in level three. The change in orientation of flow layering is 
not accompanied by a change in lithologies. A further discordancy is present to the right of the upper second level. Furthermore, there is a sharp change in the orientation 
of flow layering from the upper second to the third level, particularly in the centre. The circular inset in the lower second level indicates that the orientation of fold axes is 
parallel to the working benches (compare with Fig. 10.25). See text for further discussion. 
OHAPTER 10. NGONGOTAHA DOME 
Figure 10.9: Texture of a finely-vesicular pumice which is composed of grey to colourless fresh glass with a high 
abundance of vesicles having more equidimensional proportions. Differences in grey shades arise from the 
presence of microscopically small vesicles whereby darker greys are associated with areas of less abundant 
vesicles. The absence of spherulites indicates a sample position right in the centre of the FVP unit. Small 
scale bar equals 1 cm. 
Figure 10.10: Highly elongated vesicles, as well as parallel aligned phenocrysts, define a strong flow layering in 
most parts of the FVP unit (sample NQ-59). No~e: The tiny, high-relief bubbles are due to thin section 
preparation (see Appendix D.5 for a detailed description). Length of view: 3.5 mm 
Figure 10.11: Towards the underlying U.OBS unit isolated reddish-grey spherulites appear set in a comminuted, 
devitrified FVP matrix. The spherulite cores are still fresh while their rims are highly resorbed. Small scale 
bar equals 1 cm. 
Figure 10.12: The transition FVP /U.OBS is marked by an increase of reddish-grey spherulites which now coalesce 
to form more continuous areas. In these areas whitish spherulites are visible which in turn have reddish-grey 
cores. The whitish spherulitic material is very fragile and readily disintegrate upon touch. Small scale bar 
equals 1 cm. 
Figure 10.13: The texture of spherulitic obsidian is characterised by a relatively high content of large, irregularly 
shaped and occasionally interconnected vesicles. A general flow layering in hand specimen is defined by 
alternating vesicle-rich and vesicle-poor flow layers as well as by an elongation of irregularly shaped vesicles. 
Small scale bar equals 1 cm. 
Figure 10.14: Commonly, the texture in U.OBS and L.OBS is characterised by a stark contrast in adjacent bands 
with a band of strong flow layering alternating with a band of a spherulitic-mosaic matrix. Note the presence 
of fresh obsidian patches along some flow layers (long black arrows) and tension cracks perpendicular to the 
flow layering (short white arrows; see Appendix D.5 for a detailed description). Sample NQ-14. Length of 
view: 36 mm. 
The clasts found in the breccia are composed of all lithologies which occur in the dome. The 
abundance of FVP clasts increases towards the FVP unit to such an extent that the breccia takes 
on the character of an autobreccia. Clast sizes range from > 1 metre down to several millimetres 
and appear not to depend on the constituting lithology. No sorting of clasts according to size has 
been noticed. However, more competent lithologies such as U.OBS, L.OBS and RHY tend to form 
angular clasts whereas more friable lithologies such as FVP produce subangular to very well rounded 
clasts. The matrix of CB is commonly made of FVP material. Towards the dome top, FVP material 
in the matrix occurs as comminuted fragments, often in the form of unconsolidated pulverised glass 
shards, while towards the FVP unit the CB matrix is formed by more or less continuous lenses of 
FVP material, ranging up to several metres in length, which show a wrapping of flow banding, as 
defined by highly elongated vesicles, around the clasts. The abundance of such FVP lenses increases 
with a contemporaneous decrease in clasts of lithologies other than FVP towards the FVP unit. 
In general, the finely-vesicular pumice is characterised by grey to colourless fresh glass (Fig. 
10.9) with a high abundance of (highly) elongated vesicles which often define a flow banding in the 
hand specimen. However, all gradations from minor circular, apparently undeformed vesicles to 
highly stretched vesicles forming a pronounced flow layering occur in close proximity, at least in the 
outer parts ofthe FVP unit. In places where both undeformed and (highly) elongated vesicles occur 
together the latter often are wrapped around the more undeformed vesicles. The different vesicle 
shapes give clues about the timing of vesiculation. Elongated vesicles were the first to form and 
underwent an elongation in the flow direction in response to shearing during lava flowage. Vesicles 
with a low aspect ratio formed later in the already vesicular melt. 
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This probably occurred after the local flowage stopped, but still in the melt state as the highly 
elongated vesicles are wrapped around the margins of the later formed, more equidimensional, 
vesicles. Therefore, at least two vesicle populations are present in the FVP, a less abundant vesicle 
population with a low aspect ratio and a dominant population with a high aspect ratio. Vesicle 
sizes range from ca. 7 mm, to several micrometres, to completely collapsed vesicles. Average vesicle 
sizes of the elongated population are ca. 4 mm for vesicle length and 0.2 mm for vesicle height 
which gives an average aspect ratio of 20 (ranging from 14 to 46). 
The density of FVP samples range from 0.85 g cm-3 (sample NQ-31a) to 1.55 g cm-3 (sample 
NQ-21) to 1.69 g cm-3 (sample NQ-58), with to calculated porosities of between 46.5 (via 26.9%) 
and 20.19%, respectively (see Appendix J). The calculated porosity data compare to measured 
modal vesicle contents as follows: sample NQ-31a: 35.9%, sample NQ-21: 29.5%, but sample NQ-
58: 1.27%. The order of modal vesicle-percentage and calculated porosities for the first two samples 
is the same., and differences arise mainly due to the orientation of the thin sections in respect to the 
aligned nature of stretched vesicles. The large difference for sample NQ-58, especially the small 
modal vesicle-percentage, is caused by difficulties in measuring the vesicle area. Image analysis was 
not possible since both the pumiceous glass and the vesicles are virtually indistinguishable (they 
have the same grey value). Point-counting was equally difficult due to highly elongated vesicles 
which often are in an almost collapsed state and therefore too thin f~r point counting. The porosity 
value appears to be representative since there is a good agreement between calculated porosities 
and modal vesicle percentages. 
All described characteristics compare well with published descriptions of FVP from rhyolite 
flows/domes. Examples include the Obsidian Flow, Little Glass Mountain, California (FINK, 1983), 
the Bracks Rhyolite, Trans-Pecos, Texas (HENRY et at., 1990), the Ben Lomond rhyolite lava flow, 
TVZ (STEVENSON et at., 1994a) and the 8 ka pantelleritic rhyolite flow on Mayor Island (STEVENSON 
et at., 1993). The porosities of FVP at Ngongotaha compares well with published data such as 18-
45% in FVP from the 8 ka flow on Mayor Island and 36-45% in FVP from the Ben Lomond Flow, 
TVZ, as well as the average value of 25-40% given by CASHMAN & MANGAN (1994). Vesicle aspect 
ratios for FVP from the 8 ka flow range from 6 to 25 and are between 10 and 27 in the FVP from 
Ben Lomond flow. These values compare also well with the average value of 20 measured in the 
FVP at N gongotaha. 
The transition to the underlying spherulitic-crystallised obsidian is marked by a progressive 
enrichment in spherulites as well as by an increasing abundance of interfingered U.OBS bands and 
lenses. Figures 10.11 and 10.12 demonstrate the increase in spherulites towards the U.OBS unit. 
At first, individual reddish-grey spherulite remains are embedded in a white FVP matrix which is 
either composed of loose glass shards or intact pumice (Fig. 10.11). In general, the matrix glass 
is not fresh but devitrified. Spherulite remains are irregular in shape and have various degrees 
of alteration. They commonly represent the core of spherulites but frequently fragments of other 
spherulite parts are also found. Next to the reddish-grey spherulites, white and apparently 'intact' 
spherulites are scattered throughout the matrix. Closer to the U.OBS (but still in the transition 
zone FVP /U.OBS) the abundance of reddish-grey spherulites increases and they form more and 
more interconnected areas (Fig. 10.12). The abundance of white spherulites also increases and they 
are now prominent within the reddish-grey spherulitic parts. Commonly the cores of the whitish 
spherulites are formed by reddish-grey spherulites and occasionally voids are present in the centre of 
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the white spherulites. Under the microscope spherulite fibres are continuous from the reddish-grey 
core to the whitish rim. These characteristics point to a thorough alteration of the spherulites, 
either a silicification or a leaching of spherulite parts by late-stage percolation of acid hydrothermal 
vapours/fluids. In general, the white spherulites, or their remains, are very fragile and readily 
disintegrate upon touch. 
The combined thickness of CB and FVP varies widely and ranges from three to over 15 metres. 
The same applies to the transition zone FVP /U.OBS, as defined by the onset of spherulites in the 
FVP at the one end- and a predominance of spherulitic-crystallised obsidian at the other extreme. 
Minimum observed thicknesses of the transition zone are in the order of 35 cm with a maximum of 
3 m. 
Spherulitic-crystallised obsidian (U.OBS and L.OBS)3 
These lithologies, as defined by spherulitic obsidian, envelop the RHY and CRHY lithologies 
and the main textural features are identical in both lithologies. Furthermore the transition zones 
U.OBS/RHY and RHY /L.OBS have the same characteristics. However, the L.OBS is marked by 
continuous fresh black obsidian lenses and bands as well as bands of autobreccias which do not 
occur in the U.OBS. The U.OBS is discussed first, then characteristic differences in the L.OBS 
are indicated. At the end of this section both lithologies are compared with those found at other 
rhyolite flows/domes. 
The textures of the U.OBS are characterised by an almost completely spherulitic matrix (Fig. 
10.13). Frequently, fresh black obsidian occurs in the interstices between spherulites or as small 
elongated patches along some flow layers in vesicle-poor bands (Fig. 10.14). Occasionally, the 
fresh obsidian forms continuous patches several centimetres long. In general, the U.OBS is formed 
by more or less continuous bands of vesicle-poor spherulitic obsidian which alternate with highly 
vesicular layers (Fig. 10.13). The thickness of vesicle-poor bands is <1 cm at the boundary to 
the transition zone FVP /U.OBS and it rapidly increases until, over a distance of about 1-2 m, the 
bands are 20 to 40 cm thick. The thickness of highly vesicular bands is less systematic. Throughout 
the V.OBS unit it varies from 2-20 cm. However, the vesicle-rich bands frequently carry thin and 
highly stretched lenses of crystallised obsidian which occasionally cloud the defined character of 
alternating vesicle-poor and vesicle-rich bands in the U.OBS. 
Vesicles in the highly vesicular V.OBS bands are highly irregular in outline, with a low aspect 
ratio (1 to 3, more or less equidimensional to slightly elongated), and they frequently coalesce to form 
continuous voids which may be up to 9 cm long. Coalescence of vesicles occurs only in the direction 
of flow layering, i.e., parallel to the alternating bands (Fig. 10.13). Vesicle sizes range from up to 
one centimetre down to smaller than one millimetre. Fig. 10.14 highlights the textural differences 
between vesicle-poor and -rich bands in U.OBS. The vesicle-poor bands show a pronounced flow 
layering as defined by thin axiolitic layers and the parallel alignment of phenocrysts. Occasionally, 
roughly rectangular fresh obsidian patches are preserved within some of the layers (black arrows 
in Fig. 10.14). There are frequent small tension cracks perpendicular to the flow layering (white 
arrows in Fig. 10.14). Rare vesicles are highly elongated with aspect ratios of 5 to 18. Due to the 
very thinly spaced flow layering no evidence of the presence/absence of collapsed vesicles has been 
3 A similar subdivision in U.OBS and L.OBS were reported from other rhyolite flows and domes (e.g., the 8-ka 
peralkaline rhyolite flow on Mayor Island; STEVENSON et al., 1993) although the described textures differ slightly from 
these described here. 
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Figure 10.15: Not all obsidian in L.OBS is spherulitic crystallised as is shown with this example (sample NQ-23). 
Although not widespread, a few thin fresh obsidians layers border at the transition zone FVP /U.OBS. Note the 
good flow layering as defined by differently coloured glass and the rough alignment of plagioclase phenocrysts. 
Sheaf-like spherulites are nucleated either on (micro)phenocrysts or along certain flow planes (see Appendix 
0.5 for a detailed description). Length of view: 36 mm. 
Figure 10.16: Reddish-grey 'devitrified' clasts deformed brittly and are slightly pulled apart as well as rotated. 
Black obsidian in the interstices of otherwise spherulitic-crystallised obsidian as well as varying vesicle abun-
dances characterise rocks in the L.OBS. Length of view: ca. 5cm 
Figure 10.17: The transition between brittle and ductile deformation of 'devitrified' clasts occurs over a distance 
of about one to three metres with both deformation types occurring in close proximity. Small scale bar: 1 cm. 
Figure 10.18: In places the reddish-grey devitrified material shows neither brittle nor ductile deformation but 
appears as well rounded patches. Entire scale: 15 cm. 
Figure 10.19: Towards the lowermost exposed parts of the L.OBS unit in the first level the reddish-grey 'devitrified' 
clasts are deformed in a ductile manner and their rheological properties are similar to those of the surrounding 
rhyolite lava. 'Devitrified' clasts form schlieren and lenses which are intimately intergrown with the obsidian. 
The orientation of these schlieren and lenses are parallel to the general flow layering. Fresh black obsidian is 
preserved within otherwise spherulitic-crystallised obsidian. Small scale bar: 1 cm. 
Figure 10.20: The general appearance of flow units in the lowermost exposed L.OBS is demonstrated with this 
large bolder. Flow units of spherulitic-crystallised obsidian alternate with units of dominantly fresh black 
obsidian and units characterised by an high abundance of 'devitrified' reddish-grey lenses and schlieren. Scale: 
hammer (40 cm long). 
conclusively found. Although the adjacent band with a spherulitic-mosaic matrix (Fig. 10.14) lacks 
the pronounced flow-layered appearance, the parallel alignment of plagioclase (micro)phenocryst 
suggests that flowage once occurred within this band resulting in an alignment of (micro )phenocrysts 
due to shearing. However, flow movement was then transferred to neighbouring bands which are 
now characterised by the strong flow layering. The termination of flow movement was followed by 
the formation of more or less equidimensional vesicles and a mosaic of spherulites. Flow movement 
was therefore transferred from evenly spaced thin flow layers to more widely spaced bands acting 
as active flow planes with 'passive' bands in-between. The timing of vesicle growth in both bands 
is inferred to be contemporaneous with more equidimensional vesicles in bands of no flowage and 
rare highly elongated vesicles in bands of high shear stress due to lava flowage. 
Fresh obsidian forms occasional larger lenses or bands which are brown coloured in hand spec-
imen and yellowish brown under the microscope (Fig. 10.15). The brown obsidian variety occurs 
close to the transition zone FVP /U.OBS and forms a succession of thin bands which are about 3-5 
cm thick and 1-3 m long. These bands are separated by thin highly vesicular layers. Spherulites in 
the brown obsidian bands are predominantly sheaf-like whereas elsewhere in the U.OBS they are 
either circular in shape (forming a mosaic) or they occur as half-spheres and axiolites (along flow 
planes). 
Due to the highly variable vesicle content throughout the U.OBS unit, measured densities 
(Appendix J) and vesicle contents (Appendix E), as well as calculated porosities (Appendix J), 
vary widely. Densities in the vesicle-poor bands are on average 1.99 g cm-3 (sample NQ-23; min. 
1.98 g cm-3 for sample NQ-14, max. 2.00 g cm-3 for sample NQ-39). 
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This narrow density range is reflected in very low porosities for these bands, which average 
1.10% (no calculated porosity in sample NQ-23, max. 2.26% for sample NQ-39). Measured modal 
vesicle percentage corresponds largely with the porosity values (2.70% for sample NQ-23, 2.16% for 
sample NQ-39) with the exception of sample NQ-14. The high measured modal vesicle percentage 
of 10.29% for this sample (compare Fig. 10.14) contrast with a calculated porosity of 1.04%. The 
difference is explained by removal of most of the spherulite cores during preparation of the thin 
section, since in hand specimens no large voids are visible. 
The highly vesicular bands show a wide scatter of densities ranging from 1.31 g cm-3 (sample 
NQ-16) to 1.95 g cm-3 (sample NQ-40 cut parallel to flow layering), porosities ranging from 6.95% 
(sample NQ-42) to 37.14% (sample NQ-16), and modal vesicle percentages ranging from 8.91% 
(sample NQ-15) to 40.73% (sample NQ-18). 
All of these characteristics of the U.OBS apply also to the L.OBS. The vesicle-poor bands in 
the L.OBS also have a very restricted density range of 1.98 g cm-3 (samples NQ-25 and NQ-50) to 
2.02 g cm-3 (sample NQ-7) which is almost jdentical to that of vesicle-poor bands in the U.OBS. 
Similarly, there is a wide scatter in densities in the vesicle-rich bands ranging from 1.49 g cm-3 
(sample NQ-29) to 1.88 g cm-3 (sample NQ-48) with calculated porosities of 29.62% to 14.69%, 
respectively. Both density and porosity values are very similar to those of the U.OBS, but they 
show a slightly narrower range in the L.OBS. 
Differences between U.OBS and L.OBS arise from the absence of brown obsidian bimds (cf. 
sample NQ-23) in the L.OBS, from a higher abundance of fresh obsidian preserved in interstices 
between spherulites such as in sample NQ-6 (see Fig. 5.9 on page 69) as well as a higher number of 
spherulitic forms in the L.OBS. Furthermore, L.OBS is characterised by numerous black obsidian 
lenses and bands (Fig. 10.8 on page 181) as well as bands of autobreccias. These characteristics 
are very similar to the basal vitrophyre of the rhyolite flows in the Snake River Volcanic Province, 
Idaho (BONNICHSEN & KAUFFMAN, 1987). 
The obsidian bands first occur sparsely in the upper second level to the right and their thickness 
and extent increases towards the exposed lowermost dome part (see Fig. 10.8 on page 181). In gen-
eral, the bands follow the flow layering although occasionally they appear to be slightly discordant 
which is especially the case to the right in the lower second level. Here, however, in the vicinity 
of these obsidian bands the flow layering in the OBS is generally suppressed so that a general flow 
pattern was inferred which is occasionally slightly discordant to the orientation of the black obsidian 
bands. 
The thicknesses of the black obsidian bands vary from a few centimetres to up to ca. 6 m and 
the thicker bands are traceable for up to ca. 55 m. The phenocryst assemblage and content of the 
obsidian bands is identical to that of all other units. 
In the lower second level the bands are, in general, composed of fresh black obsidian glass with 
minor vesicles, spherulite; and strings of 'devitrified' clasts4. The vesicles are slightly elongated 
with an aspect ratio of 2 to 5 and are commonly lined with a whitish mineralisation. The vesicles 
are up to 2 cm long. White spherulites have about the same size distribution although they are in 
general circular in shape. 
Prominent in the obsidian bands are pale reddish-grey 'devitrified' clasts which commonly form 
pull-apart structures. These clast form bands of up to several centimetres thickness and up to 50 
4'Devitrified' is set in quotation marks since as such they are known in the literature. See discussion further on. 
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cm length. The bands of clasts are oriented parallel to the black obsidian bands in which they 
occur. Such 'devitrified' clasts occur predominantly in the lower parts of the dome (OBS and BB) 
although they are found also, but very rarely, in the upper dome. Examples of these clasts are 
given in figs. 6.13 and 6.15 on page 101 as well as figs. 10.16 and 10.17. As seen by the pull-apart 
structures which are formed by these clasts (see Section 6.4.2 on page 99), they showed an brittle 
behaviour during the last stages of flowage in the' black obsidian band. Frequently, the segmented 
clasts are slightly rotated although not in a consistent manner which might allow to infer a shear 
(and flow) sense. The brittle behaviour ofthe clasts at time oflava movement is underlined by lava 
which squeezes in the gaps between the clasts and forms small ridges5 (see Fig. 6.11 on page 99) 
as well as by drawn-out lava spikes bridging some gaps between clasts. Furthermore, clast surfaces 
in the pull-apart structures are occasionally lined with a white mineralisation which are inferred to 
origin from high-temperature vapour phases. 
Under the microscope the clast matrix is too finely crystallised to positively identify its composi-
tion (Fig. 10.226 ). Frequently a flow layering is observed in the clasts as defined by layers of slightly 
different crystallinity (see detailed descriptions in Appendix D.5 for sample NQ-6 and NQ-28, for 
instance). The clasts carry minor fragments of the phenocryst assemblage. They show either sharp 
continuous contacts with the enveloping matrix or sometimes interfingered margins with lenses of 
the host matrix incorporated in the clast margins. These differences in the clast margin character 
are seen to be due to slight differences in the rheological behaviour of the clasts and the degree 
of rheological contrast between clast and host. XRD analysis of a clast shows a high-temperature 
mineralogy consisting of disordered albite and tridymite with glass present (XRD scan on page 
531). DADD (1992) reported a composition of cristobalite and albite for similar material from the 
'lenticular breccia' which however had a spherulitic matrix (see discussion about breccia below). 
The white mineralisation on some clast surfaces is of the same mineralogy as the clast composition, 
i.e., disordered albite and tridymite (XRD scan on page 531). 
Besides the pull-apart 'devitrified' clasts, fractures occur in the obsidian bands having an orien-
tation perpendicular to the elongation of the obsidian bands and accompanying flow layering. Since 
these fractures are straight and do not show a noticeable widening along their length they are not 
regarded as tension gashes, although they run parallel to the orientation of the pull-apart clasts. 
The black obsidian bands in the first level differ from those of the lower second level in that the 
character of the 'devitrified' clasts changes completely and fewer prominent whitish spherulites as 
well as vesicles are present. The character of the clast changes from that of a pull-apart structure 
to a structure defined by schlieren and lenses. 
The transition in rheological behaviour of the clasts occurs over a distance of about 1-3 m 
with dominantly brittle behaviour (Fig. 10.16) above that transition zone and dominantly ductile 
behaviour below it (Fig. 10.19). In that transition zone, both brittle and ductile deformation of 
the reddish-grey 'devitrification' material occur adjacent to each other (Fig. 10.17). 
The reddish-grey 'devitrified' schlieren and lenses in the lowermost exposed parts (first level) 
appear to behave rheologicallysimilarly to the obsidian in which they are embedded and intimately 
interfingered with both lava and 'devitrified' material forming small lenses and schlieren in the 
other material. The size and aspect ratios of the 'devitrified' lenses and schlieren varies greatly 
5These ridges, however, give a uniform flow sense as is discussed in Section 10.2.3. 
6In this example the clast showed a marginal brittle behaviour as seen by the boudinage of the clasts. 
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Figure 10.21: The transition U.OBS/RHY is marked by fewer vesicles which are more evenly distributed in the 
crystallised matrix as well as more whitish spherulites which are often associated with a void in the centre. A 
general flow layering is macroscopically defined by whitish flow planes, which are axiolitic under the microscope. 
Small scale bar equals 1 cm. 
Figure 10.22: Example of a RHY texture under the microscope. Note the highly diverse textural character which 
is defined by boudinaged clasts, several spherulite generations and irregularly shaped vesicles (see Appendix 
0.5 for a detailed description). Sample NQ-38. Length of view: 36 mm. 
Figure 10.23: Further example of microscopic RHY texture showing an even distribution of reddish relict 
spherulites and greyish spherulites which often enclose the reddish variety. Some plagioclase phenocrysts 
are parallel aligned suggesting a crude flow layering (see Appendix 0.5 for a detailed description). Sample 
NQ-34b. Length of view: 36 mm. 
Figure 10.24: The CRHY is characterised by a high abundance of lithophysae and 'Iip'-structures. Lithophysae 
may be up to 25 cm (here ca. 22 cm) in diameter. The largest lithophysae are found in the very centre of 
the CRHY. Further examples are given in figs. 5.21 and 5.22 on page 79. Scale: hammer (ca. 40 cm long). 
Figure 10.25: Large-scale folds (up to 1.2 m high) in the lower RHY which is almost completely felsitic with few 
vesicles scattered throughout. The face is perpendicular oriented to the working bench. Height of view: ca. 
2.5 m (40 cm long hammer as scale). 
Figure 10.26: Welded autobreccia clasts along the margin of a late-stage obsidian squeeze-up. The obsidian 
clast margins are frequently marked by a reddish-grey 'devitrified' material. The individual clasts retain the 
orientation of flow layering although it tends to curve in parallel to the clast margin. Occasionally obsidian 
clasts show a devitrification front as described by LOFGREN (1971b). Sample NQ-36 (see Appendix 0.5 for 
a detailed description). Length of view: 36 mm. 
but generally they are highly elongated giving a high aspect ratio. As can be seen in Fig. 10.20 
the ductile deformed 'devitrification' material has a high abundance in certain zones about 20 to 
40 cm thick. Its abundance also varies greatly within these zones. Fig. 10.20 also summarises the 
general character of the L.OBS in the first level with alternating bands of predominantly spherulitic-
crystallised spherulites and bands of predominantly fresh black obsidians which in turn show varying 
abundances of ductile deformed reddish-grey 'devitrification' material. 
The reddish-grey 'devitrified' material is considered to represent oxidised and recrystallised red 
glass as a result of in situ brecciation as is discussed in Section 10.7. Bands yielding such 'devitrified' 
material, showing either brittle or ductile deformation, are regarded therefore to be highly stressed 
and welded bands of autobreccia. 
Two lens-like pockets of L.OBS autobreccias have been found in the upper and lower second 
level (cf. Fig. 10.8 on pages 180 and 181). The pockets in the lower second level are ca. 4.5 
to 5 m long and 70 to 80 cm thick. In both cases clasts consist of partly spherulitic-crystallised 
obsidian with an average size of ca. 20 to 25 cm in diameter. They are subangular to rounded 
and are embedded in a comminuted matrix of slightly vesicular spherulitic-crystallised obsidian. 
The contact to the enveloping spherulitic-crystallised obsidian is sharp and the flow layering in the 
latter wraps around the autobreccia pockets. 
The autobreccia pockets to the very right of the upper second level is ca. 3.5 m long and ca. 1 
m wide. Clast lithology is the same as found in the upper second level with clasts being generally 
sub angular to slightly rounded in a comminuted matrix of the same lithology. The autobreccia is 
very densely welded without any vesicles present. The fine matrix is commonly reddish coloured 
indicating an oxidation. 
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Clasts are equidimensional to slightly elongated and range in size from matrix to 40 cm. It is 
thought that the autobreccias belong to the marginal phase of a dome lobe, a view supported by a 
rapidly changing orientation in flow layering to the far right of the upper second to the third level 
as depicted in Fig. 10.8 and discussed in Section 10.6. 
Comparing the OBS lithology at Ngongotaha Dome with the same lithology at other rhyolite 
flows/domes one finds that this lithological unit 'shows great differences from locality to locality. 
The U.OBS is present at all studied rhyolite flows/domes although many flows/domes show the 
development of two U.OBS units which are separated by a CVP unit (e.g., Middle Dome, W 
Arizona and Obsidian Dome, California; MANLEY & FINK, 1987a). At other localities, such as 
Banco Bonito, Valles Caldera, New Mexico (MANLEY & FINK, 1987a) and rhyolite flows of the 
Okataina Volcanic Centre, TVZ (STEVENSON et ai., 1994b), the U.OBS is not subdivided and 
comprises a single unit between overlying FVP and underlying RHY. The L.OBS is generally 
present at other rhyolite flows/domes although exceptions such as Banco Bonito do exist. The next 
two examples demonstrate the variability of the two lithological units, U.OBS and L.OBS, from 
different locations. ' 
At the 8 ka peralkaline rhyolite flow on Mayor Island the upper obsidian (U.OBS) is a fresh 
black obsidian with occasional vesicles (three different types), subtle flow banding and subtle colour 
changes (STEVENSON et ai., 1993) which contrasts with the almost complete spherulitic crystalli-
sation of the U.OBS at Ngongotaha. The authors also describe a lower obsidian layer (L.OBS) 
which is <1 m thick and has no vesicles or spherulites. In the lower 0.5 m of U.OBS a thin and 
discontinuous 'crumble' breccia is incorporated consisting of flow-banded auto clasts derived from 
L.OBS and RHY. The character of the black obsidian bands in the L.OBS at Ngongotaha compares 
to the 8-ka flow on Mayor Island in that it is composed of fresh glass with few spherulites and 
vesicles and has a thickness of up to 1.5 m. However the entire L.OBS at Ngongotaha shows a 
much greater thickness and is composed of alternating bands having different degrees in spherulite, 
vesicle and 'devitrified' clast content as well as varying abundances of fresh black obsidian. These 
characteristics closely resemble the description of basal'zones in rhyolite flows in the Snake River 
Plain Volcanic Province, SW Idaho (BONNICHSEN & KAUFFMAN, 1987). In these flows the basal 
zones of the lava flow above the flow base breccia consists in places of alternating layers of glassy 
and devitrified rhyolite. Vitrophyre layers are often uninterrupted over long distances and may 
locally be tightly folded. Also described are red-and-black breccias in the upper and lower flow 
zones belonging either to a 'jostle type' or 'fumarolic type'. However, both types are characterised 
by angular clasts (BONNICHSEN & KAUFFMAN, 1987) which contrasts with the highly elongated 
lenses and schlieren of the 'devitrified' material in the autobrecciated bands at Ngongotaha. 
Felsitic rhyolite (RHY and CRHY) 
Both RHY and CRHY show essentially the same textural features and they will be discussed 
together in this section. The CRHY is characterised by a high abundance of lithophysae, 'lip'-
structures as well as spherulites. As can be seen in Fig. 10.8 on page 181 no contact between 
RHY and OBS are exposed at the working faces. However, at the outcrops nearest to these two 
contacts a higher abundance of spherulites is present which suggests a gradation between the RHY 
and OBS. Sample NQ-38 was taken at the top of the third \'lorking bench and it is characterised 
by large open spherulites and several smaller spherulites varieties with interstitial felsitic matrix 
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(Fig. 10.22). Towards the interior the abundance of large spherulites decreases with an increase in 
a felsitic or microspherulitic matrix (see microscopic descriptions of, for instance, samples NQ-31b, 
NQ-32, NQ-33 and NQ-34b in Appendix D.5). Another feature suggesting a gradational transition 
between OBS and RHY is a slightly higher abundance of vesicles which tend to be roughly elongated 
and concentrated along certain flow layers (Fig. 10.21 on page 190). The abundance of these small 
vesicles decreases towards the boundary to the CRHY interior and gives way to sparse larger vesicles. 
Both the felsitic and microspherulitic matrices occur in equal abundances and no preferred 
setting of the one or other in respect to the· geometry of the RHYunit has been found. The 
finely crystalline matrix probably consists of quartz and alkali feldspars as is indicated by the high 
normative mineral percentages for the two minerals which are otherwise not present as phenocrysts. 
The alkali feldspar is possibly of a range of compositions from anorthoclase to sanidine as indicated 
by the variously high Ab and Or contents calculated from EMPA of the microspherulitic matrix 
(e.g., samples NQ-24 and NQ-50; data in Appendix G.13). 
In general, the rocks of the RHY are grey and show a good flow layering marked macroscopically 
by alternating bands of different grey shades. Under the microscope, flow layering is variably defined 
by differences in crystallisation and colour, by aligned (micro)phenocrysts, by trains of elongated 
vesicles, or by rare highly stretched 'devitrified' material. In outcrop sections perpendicular to the 
face of the working benches overturned folds with an fold height of up to 50 cm frequently occur 
having fold axes parallel to the bench face (Fig. 10.25 on page 190; photo was taken to the left of 
the upper second level). Rounded and slightly elongated vesicles occur throughout the RHY with 
an increasing abundance towards the CRHY. The vesicles are up to 4 cm in diameter and only in 
rare occasions lined with sparse mineral coatings or few single crystals of low-quartz (d. XRD scan 
of sample NQ-69b on page 540; this sample was taken from a scree of the upper second level). 
There is no sharp boundary between the RHY and CRHY but a transition zone of rapidly in-
creasing abundances of opening structures. Commonly, the CRHY has a felsitic or microspherulitic 
matrix occurring in the interstices of opening structures and is identical the that found in the 
RHY. However, towards the interior of the CRHY the matrix is frequently dominated by larger 
spherulitic growth forms often consisting of open reddish spherulites embedded in greyish spherulites 
(Fig. 10.23 on page 190). The most distinguishing feature of the central RHY however are opening 
structure, i.e., lithophysae, 'lip'-structures and open spherulites. They tend to be concentrated 
along certain flow planes and often cover almost completely the entire flow plane over great dis-
tances (Fig. 5.21 on page 79). All opening structures occur close to each other with no preferred 
occurrence of each of them. The size of these opening structures varies greatly and may range 
from lithophysae up to ca. 30 cm in diameter (Fig. 10.24 on page 190) to small openings a few 
millimetres across (Fig. 5.22 on page 79). In the lithophysae and 'lip'-structures a wide variety 
of minerals is found. This mineralisation as well as the formation of the opening structures are 
discussed in detail in Section 10.4.5 on page 227. 
Densities in the RHY vary to a certain degree although not at the magnitude as seen for the 
U.OBS and L.OBS. In RHY portions without opening structures densities range from 1.86 to 2.11 
g cm-3 with an average of 2.01 g cm-3 (data in Appendix J; samples NQ-33, NQ-34a, NQ-34b, 
NQ-36 and NQ-37) whereas in RHY parts with opening structures density may be as low as 1.49 g 
cm-3 (sample NQ-32, which is related to a local abundance of opening structures unrelated to the 
those found in the CRHY). These densities relate to calculated porosities as follows: in the more 
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dense RHY parts porosities range from 0.19% to 4.34% with an average of 2.05% (data given in 
Appendix J); in RHY parts characterised by opening structures calculated porosities are as high as 
29.10%. Modal vesicle percentages in general agree well with the calculated porosities. 
Overall the described RHY characteristics, particularly the felsitic to microspherulitic matrix, 
compare well with central crystalline rhyolites at other rhyolite flows/domes. In the 8-ka rhyolite 
flow on Mayor Island the porosity is between 15-20% which was attributed to a vesiculation cross-
cutting the flow banding and to any porosity due to angular interstices between matrix crystals 
(STEVENSON et at. 1993). This rather restricted porosity range lies well within the calculated range 
for RHY at Ngongotaha (0.2-29.1%) although at Ngongotaha vesicle-rich and -poor parts of the 
RHY may be discerned which result in the overall larger range but two rather restricted porosity 
populations. The matrix mineralogy is identical to that found for Ngongotaha. The transitions 
U.OBS/RHY and RHY /L.OBS are marked by alternating crystalline and glassy bands and no 
lithophysae have been reported for that rhyolite flow. At other rhyolite flows/domes lithophysae 
occur either in the RHY itself, such as in the Ben Lomond rhyolite flow, TVZ (STEVENSON et 
at., 1994a) and at Obsidian Dome, California (SWANSON et at., 1989) as well as in the enveloping 
OBS units, such as at rhyolite domes of Little Glass Mountain (FINK & MANLEY, 1987) and at a 
rhyodacite flow in Baja California, Mexico (HAUSBACK, 1987). 
Late-stage obsidian squeeze-ups 
Although the late-stage obsidian squeeze-ups do not form a lithological unit in the same sense 
as all the previously described main lithologies, they are briefly discussed here since they form a 
prominent feature of the dome and characterise the last extrusion stage of the dome emplacement. 
As can be seen in Fig. 10.8 on page 181 at least six late-stage obsidian squeeze-ups can be 
discerned some of which may be traced across several (sub)levels (see also figs. 10.4 and 10.3 on 
page 174). The obsidian squeeze-ups dip very steeply and are often almost vertically oriented. In 
general, the obsidian squeeze-ups are characterised by a pronounced flow layering parallel to the 
squeeze-up walls. In Fig. 10.27 on page 196 the strike direction of the flow layering in the obsidian 
squeeze-ups and main lithologies are plotted. While the flow layering in the main lithologies forms 
in general a semicircular pattern, the flow layering of the squeeze-ups usually cuts across that 
semicircular pattern at a high angle 7. In other words the obsidian squeeze-ups, especially those to 
right of the fourth level, seem to be radially oriented with respect to the dome centre and outline. 
However, some do not follow this pattern such as those to the left of the lower fourth level and in 
third level. 
In terms of lithological composition, the obsidian squeeze-ups comprise partially spherulitic-
crystallised obsidians of black, brown, greenish-grey and grey colour. Black obsidian squeeze-ups 
are slightly perlitic and have small reddish spherulites which are aligned parallel to the flow layering. 
Furthermore, they tend to be poor in vesicles (3.82 to 8.42 modal-% vesicles for samples NQ-59 and 
NQ-60, respectively) with a slight gradation from a vesicle-free centre to a slightly vesicle-enriched 
margin. This change in vesicle concentration is accompanied by a change in colour: black -+ grey. 
The colour change, however, cannot be attributed entirely to the different vesicle contents since 
towards the margin lenses, schlieren and also minor more or less equant blocks of the greyish glass 
are incorporated into the black glass which is followed by a small zone of lenses, schlieren and blocks 
7Note: Not all dip-and-strike data of obsidian squeeze-ups are plotted in this figure. 
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of equal proportions of either glass. The outer margin is characterised by schlieren, lenses and minor 
equant blocks of black glass in more greyish glass. The greyish glass also contains autoclasts of the 
same shape as the black glass. The very margin of the squeeze-ups is therefore characterised by a 
welded autobreccia. Such black glasses occur mainly in the fourth level to the right and in the third 
level. Fig. 10.26 on page 190 gives an example of the marginal welded autobreccia of fresh black 
obsidian clasts. The twisted 'devitrified' material at the border between the two clasts highlights 
the ductile state of the autoclasts while they were welded together and this is reinforced by the 
drawn-in flow layering parallel to the clast margins. 
To. the left of the fourth level a greyish completely spherulitic-crystallised obsidian squeeze-up 
occurs (Fig. 10.3 on page 174) which has a higher vesicle content (11.89 to 31.92 modal-% vesicles for 
samples NQ-10 and NQ-8, respectively) compared to that ofthe black obsidian squeeze-ups. This 
obsidian squeeze-up cuts through the dome surface and may have once formed a spine protruding 
from the dome surface. To the far left in the upper fourth level another squeeze-up reaches up to 
the dome surface (Fig. 10.8 on page 181) and may also once have been a spine. However, other 
squeeze-ups stop short of the dome surface and their terminations 'branch' out to form 'fingers' in 
the surrounding rocks (e.g., Fig. 10.4 on page 174). 
10.2.3 Flow structures 
In this section flow structures such as the orientation of flow layering, folds, tension cracks, and pull-
apart structures are discussed on both small and large scale. First, large-scale structures are used to 
establish an overall flow pattern into which small-scale flow structures are integrated. Small-scale 
flow features, investigated in Chapter 6, are evaluated in the rhyolite dome at Ngongotaha. 
Large-scale flow structures 
The overall orientation of flow layering in terms of dip and strike is plotted in Fig. 10.27. In 
the quarry the flow layering has generally a semicircular pattern following the dome outline. To the 
far right of the second level some strike directions give a steeper curvature (SE-NW to E-W) than 
the overall semicircular pattern. The strike of the cross-cutting late-stage obsidian squeeze-ups is 
in general at a high angle to the semicircular pattern of the flow layering as indicated by the dashed 
lines in Fig. 10.27. The margins of the squeeze-ups are curvi-planar so that the dashed lines do 
not always form continuous squeeze-ups across several (sub)levels such as is indicated in Fig. 10.4 
on page 174. 
The flow layering changes its dip (steepness) within a level and from level to level. In the first 
and lower second level, the flow layering is steeper at the left of the benches whereas it is, in general, 
shallower at the right of the benches. Average dip values for the middle part of the first level are 
slightly steeper than for the second level. From the second to the third level the steepness of flow 
layering increases sharply whereas from the third to fourth level almost no difference is noticeable. 
Fig. 10.28 summarises the average dip of the flow layering for each level as taken from the middle 
part of each working bench. The overall pattern can be visualised as three dome lobes leaning on 
each other. 
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Figure 10.27: Map showing dip and strike of flow layering as measured directly on the working faces. A general 
semicircular pattern across the levels is formed by the flow layering. This semicircular pattern is interrupted by 
late-stage obsidian squeeze-ups as indicated by the thin dashed lines. Note: Not all dip-and-strike data for the 
squeeze-ups are plotted. The general semicircular flow pattern is also interrupted by large-scale folds which range 
in the scale of metres such as to the left and right in the first level. Fig. 10.8 shows the trace of the flow layering 
at the working benches as seen at the outcrops. In Fig. 10.28 the steepness of the flow layering is schematically 
sketched in a quarry cross section. The approximate outline and extent of the middle dome lobe is not drawn 
complete for reasons of clarity. For discussion and interpretation see text. 
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In Fig. 10.27 the first and second 
level would therefore be characterised by 
the lower dome lobe, and the third and 
fourth level by separate dome lobes each 
with a very steep flow layering. How-
ever, there exists also the possibility that 
level three and four cut through one lobe 
only. Comparing the schematic inter-
pretation of the orientation of flow lay-
ering with their orientation as seen on 
the working benches (see Fig. 10.8 on 
page 181) some discrepancies are evi-
dent. Just to the right of the middle 
in level three is a marked discordancy 
in the orientation of flow layering (Fig. 
10.8) without any evidence of changes in 
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Figure 10.28: Schematic diagram showing the average steepness 
of flow layering taken from the middle part of each working level 
(see Fig. 10.27). The overall pattern can be matched to the 
presence of at least two dome lobes leaning on each other as 
indicated by the two lobes in the first and second and third level. 
The fourth level may be represented by a further dome lobe, as 
drawn here, or it may still belong to the dome lobe drawn for the 
third level. For discussion see text. 
.. sco\e 
lithology in this area. This discordancy may be explained by large (§lumping within the lava lobe 
with a simultaneous rotation of one block. The faulting would have been near the brittle-ductile 
transition with subsequent annealing (see Section 10.7 on page 248 for a discussion of welding 
processes). Similar large faults, which can be traced over the entire working bench height, occur 
throughout the lower part of the dome (first to third level) although they are not frequent. In 
most cases the offset is only in the range of centimetres and no discordant flow layering is visible. 
Another possible explanation is the extrusion of a later dome lobe through existing fractures of a 
previously emplaced dome lobe (compare Fig. 10.58 on page 241 and discussion to this figure). 
Where measurable, the faults show roughly the same orientation as the late-stage obsidian 
squeeze-ups, i.e., they are either radially oriented with respect to the dome shape or they are 
almost perpendicular to the faces of the working benches and also perpendicular to the planes of 
general flow layering. The roughly identical orientation offaults and late-stage squeeze-ups suggests 
that the emplacement of the squeeze-ups was to a large extent predefined by the large faults. 
Comparing Fig. 10.28 with Fig. 10.7 on page 179 another interesting aspect is evident. The 
distribution of main lithologies is not bound to the number, orientation and shape of the individual 
dome lobes but rather to the overall dome shape. This suggests that the formation of the main 
lithologies depends largely on cooling and vesiculation processes rather than on the emplacement 
type (Le., exogenous VB. endogenous). 
In the first level, large-scale upright folds are present. One example is schematically illustrated 
in Fig. 10.8 on page 181 and occurs as a folded black obsidian band at the left of the first level in 
a small pit. The adjacent band, lying above, of spherulitic obsidian is initially folded in the same 
way but gradually straightens upwards to conform with the next black obsidian band. However, 
the spherulitic obsidian band below the folded black obsidian band shows a discordant orientation 
of flow layering. The fold axis is more or less parallel to the local flow direction. 
Another example is illustrated in figs. 10.30a and 10.30b which show a more or less upright 
fold of partially spherulitic obsidian set in a matrix of completely spherulitic and highly vesicular 
obsidian. The local flow direction is almost perpendicular to the figure plane. Therefore, the fold 
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Figure 10.29: (a) Overall boudinage-like extension structure situated in the first level, highlighted by thick 
black lines. Flow direction is perpendicular to figure plane. In addition to the dominant extension a minor 
compression/faulting normal to it resulted in fracture systems with slight displacements of the boudinaged 
obsidian bands. Figure 1O.30a was taken about 10 m to the right. (b) Schematic representation of photograph. 
The dashed lines indicate a colour zonation of altered loose material which occurs along the displaced obsidian 
band. Samples were taken for certain alterations as indicated. The inset summarises the extensional situation. 
See text for discussion. Length of view: ca. 10 m (40 cm long hammer as scale). 
Figure 10.30: (a) Upright folded partly spherulitic-crystallised obsidian band indicating local compression. Photo 
was taken about 10 m to the left of Fig. 10.29a. Flow direction is perpendicular to the figure plane as is 
the roughly parallel fold axis. The long axis of some elongated autobreccias along the upper left fold limb are 
oriented perpendicular to the compression direction. The small clasts below the right fold limb show a sinistral 
shear sense. (b) Schematic representation of photograph. The inset summarises the overall compressional 
situation. Length of view: ca. 4.8 m (40 cm long hammer as scale). 
axis is roughly parallel to the flow direction. The fold is enveloped in an autobreccia of the vesicular 
obsidian whereby some elongated clasts adjacent to the fold have their long axis perpendicular 
oriented to the compression direction. Another interesting aspect is the rotational sense of small 
clasts below the right fold limb. The sinistral shear sense confirms the overall compression and 
resulting shear below the right fold limb. 
About 10 m to the left of the above described fold a boudinage-like structure occurs which indi-
cates a localised extensional regime (figs. 10.29a and 10.29b). The formation of the boudinage-like 
structure occurred in the still ductile state of the lava whereas the small-scale fractures were formed 
later, after establishment of the boudinage-like structure and transition to the brittle deformation 
state. There is no systematic displacement direction along the small-scale fractures at the lower 
side of the large boudinage in the centre of Fig. 10.29a, whereas a consistent displacement sense 
is present at the upper side of the boudinage. Boudinage is restricted to non-Newtonian materials 
and requires a viscosity difference (e.g., PASSCHIER & TROUW, 1996). The partially spherulitic ob-
sidian bands represent the component layers in a less component matrix of spherulitic and vesicular 
obsidian. 
The two examples illustrate that localised compressional and extensional regimes occur in close 
proximity to each other (Fig. 10.31). In Fig. 10.31 the indicated positions of extension and com-
pression at and in the dome lobe do not necessarily reflect exact position but rather the fact that 
in a dome lobe a number of extensional and compressional regimes exist more or less contempora-
neously and may follow each other within a short time period at the same location. This depends 
on factors such as underlying topography, surrounding confining topography (such as a channel 
and the presence of previously emplaced dome lobes), pressure of overburden, internal pressure 
variations, etc. In general, compression can be expected along the lobe margins and at the lobe 
base as a result of overburden. Compression also occurs during lateral shorting if the dome lobe 
is restricted by previously emplaced dome lobes. Compression will result in folding with fold axes 
running perpendicular to the compression direction. 
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At the working benches of the 
Henderson's Quarry fold axes have 
been observed with the following ori-
entations. In the lower parts of the 
quarry fold axes are normal to the 
bench faces (and roughly parallel to 
the local flow direction) whereas in 
the second level they are parallel to 
the bench faces (and roughly perpen-
dicular to the local flow direction; see 
Fig. 10.25). In the upper fourth 
level the orientation of fold axes is 
variable with a general trend roughly 
perpendicular to the dome surface. 
The folds are very broad in the upper 
fourth level. Extension may occur at 
the upper lobe surface and as a re-
lieving factor of overburden pressure 
(such as at number 1 in Fig. 10.31). 
Figure 10.31: Schematic representation of the distribution of ex-
tensional (dark-grey arrows) and compressional (middle-grey arrows) 
regimes within a dome lobe. Simplified flow layering-is shown as 
dashes lines and shearing between these layers are indicated by small 
arrows. Folds are not shown but are represented by fold axes. Num-
bers 1 and 2 indicate the approximate location of to the discussed 
examples: extension in figs. 10.29a and 10.29b and compression in 
figs. 10.30a and 10.30b. For discussion see text. 
Small-scale extensions have been found in conjunction with faults. Here, ca. 10 to 15 cm long 
rhomb-like offsets at parallel fracture sets along major faults indicate the small-scale extensions. 
However, overall large-scale extensional features are minor as compared to compressional structures. 
Small-scale flow structures 
Flow layering in the field depends on the lithology. In crystallised lithologies, such as RHY and 
U.OBS, flow layering is defined by differently coloured layers, differences in vesicle, spherulite and 
phenocryst content, differences in crystallinity and/or the presence of sheeting joints parallel to the 
flow layers. Lithologies dominated by fresh obsidian show flow layering with differences in phe-
nocryst, vesicle and/or spherulite content, variously coloured glasses and/or sheeting joints parallel 
to the flow layers. Under the microscope the same features, apart from sheeting joints, define the 
flow layei:ing. In addition, flow layering is occasional defined by parallel aligned microphenocrysts 
and microlites as well as axiolitic growths in the case of spherulitic crystallisation. 
Shearing along flow planes is a common feature throughout the entire exposed dome. Shear 
sense indicators reflect the local shear sense and hence local flow direction which not necessarily 
coincide with the overall flow direction. Fig. 10.31 demonstrates that the overall flow direction is not 
reflected by all indicated shear senses which in large depend on local shear regimes. Therefore, the 
shear sense may give an opposite direction to the overall flow direction as well as be perpendicular 
to it such as at dome lobe margins. At N gongotaha, local shear senses indicate in general an overall 
flow direction from the dome centre (vent area) to the dome margins. However, exceptions do occur 
and are discussed later on. 
At the macroscopic level the following structures can be used as local shear sense indicator (see 
Chapter 6 for a description and potential use of these structures): 
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- en echelon crack arrays (tension cracks or gashes): e.g., Fig. 6.10 on page 98 illustrates an 
example from the lower fourth level; Fig. 6.12 on page 101 was taken in the second level 
- pull-apart structures: e.g., Fig. 6.11 on page 99, Fig. 6.13 on page 101, both from lower 
second level 
- rotated plagioclase phenocrysts 
- bookshelf-like displaced structures 
- small-scale folds 
Lineations can be found on flow plane surfaces and are formed by aligned plagioclase phenocrysts 
(Fig. 6.10 on page 98), trains of highly stretched vesicles and fold axes of small-scale folds with fold 
axes parallel to lineation (Fig. 6.14 on page 101). Under the microscope, microlites commonly show 
a strong parallel alignment and form a lineation. Microlites are wrapped around phenocrysts in a 
pattern that frequently allows the determination of the shear sense around such rotated phenocrysts. 
In oriented thin sections of FVP samples highly elongated and stretched vesicles also indicate a 
lineation. Findings of shear sense direction under the microscope confirm in all cases the results at 
the outcrops. 
All above listed structures give reliable field data in terms of determining the local flow direction 
which in most cases was identical to the overall flow direction, i.e., outwards from the dome centre 
(vent area) to the dome margin and hence perpendicular to the working bench faces. This fact 
posed a problem in as much as outcrop faces parallel to the overall flow direction and normal to the 
working benches, as well as individual flow surfaces protruding in some way from the outcrop faces 
of the working benches, had to be found. In all these instances an outwards and to a varying degree 
upwards flow direction (vent area towards dome margin) was found, which confirms the findings of 
dip-and-strike measurements of flow layering. 
At outcrop surfaces of working benches in the first level (i.e., normal to the overall flow direction) 
minor occurrences of shear sense indicator show local deviations from the overall flow direction in 
those areas. The few examples comprise rotated plagioclase phenocrysts and their rotational sense 
indicate a dextral shear sense at the left side of the working bench and sinistral at the right side 
of the bench. However, there are exceptions to that generalised pattern. Overall, this means, that 
in addition to the outwards oriented flow direction of the dome lobe, local deviations occurred 
particularly at the dome lobe base which occurred during the active lava flow or after cessation 
of overall flow movement. In the latter case these localised deviations may be in response to 
'settling' of the dome lobe and/or releasing motion due to overburden pressure. Furthermore, the 
localised deviations from the overall flow pattern reinforce the idea that localised compressional 
and extensional regimes occur throughout the dome lobe. 
In summary, the above listed large- and small-scale flow structures have proved invaluable in 
determining the overall flow pattern in a dome lobe as well as minor localised deviations. De-
spite a general flow pattern for a dome lobe they have a complex internal structure, marked by 
numerous compressional and extensional regimes at various scales. The working benches of Hen-
derson's Quarry give a cross section which is essentially perpendicular to the general flow direc-
tion. Additional cross sections perpendicular to the bench faces allow a more detailed study of the 
three-dimensional relation between overall flow pattern and localised compressional and extensional 
regimes. 
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10.3 Geochemical aspects 
Chemical analyses of the main lithologies of Ngongotaha Dome were undertaken for the following 
reasons. Firstly, chemical data allow a general geochemical characterisation of the lithologies at 
Ngongotaha which can then be compared with other rhyolites of the TVZ. Secondly, sampling of 
the entire exposed quarry area allows an evaluation of systematic distribution patterns of elements 
at Ngongotaha Dome which in turn may give clues to the emplacement sequence. The investigation 
of magma generation, its evolution and magma chamber processes is not part of the thesis. 
Whole rock analyses (XRF) for all samples are listed in Appendix F. EMPA data of crys-
talline phases (phenocrysts and spherulites) and glasses are listed in Appendix G and discussed 
in Section 10.4. Overall, the rocks occurring at Ngongotaha Dome are peraluminous, medium-K 
calc-alkaline, high-silica rhyolites (figs. 10.32a, c and d) showing arc-related features (Fig. 10.32b)-
characteristics which are common for rhyolites in the TVZ as will be discussed further on. 
A peraluminous trend for both Ngongotaha Dome and Mt Tarawera Domes samples is evident 
from Fig. 1O.32c, although a transition to the metaluminous field is present. CONRAD et al. (1988) 
pointed out that rhyolites of the TVZ are essentially metaluminous but that partial melts derived 
from the sedimentary basement (greywacke-argillite) would be peraluminous. 
Bivariate major oxide element plots are given in Fig. 10.33 which show a restricted silica range 
comparable to other TVZ rhyolites (GRAHAM et al. (1995)). At Ngongotaha Dome, major elements 
show in general a wide scatter in the variation diagrams which is statistically reflected by no to very 
weak correlations between major element oxides and Si02. All oxides, except MnO, show a weak 
positive correlation with Si02, notably CaO, Ah03 and Na20 which indicates an incompatible 
behaviour in terms of fractional crystallisation. The generally weak positive correlation may be 
explained by the very low phenocryst content (average 3.21 modal-%). 
Selected bivariate trace element plots are given in Fig. 10.33. Similar to the major element 
variation plots, the trace elements show a scatter of data with little correlation with Si02. Despite 
the wide scatter in the variation diagrams, the trace elements show a rather restricted range in 
abundances which are typical for TVZ rhyolites (e.g., EWART et al., 1968; HOCHSTEIN et al., 1993). 
Distribution pattern of chemical elements in dome section exposed by Henderson's 
Quarry 
As suggested in Fig. 10.27 on page 196 and Fig. 10.28 on page 197 the quarry area partially 
exposes two, possibly three dome lobes. Therefore, chemical data were used to investigate whether 
the dome lobes have slightly different chemical signatures. The abundance of all analysed elements 
, ' 
(e.g., major element oxides and trace elements) was plotted on the base map of Ngongotaha Dome 
to see whether variation occurred between suggested dome lobes. However, no elemental distribu-
tion pattern is apparent. The absence of such a distribution pattern reflects the very restricted 
compositional range of Ngongotaha rocks which indicate a rather homogenous magma batch com-
position. 
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Figure 10.32: General geochemical characterisation of all rock samples from the four field areas (altered samples 
are not included). (a) All samples plot well within the rhyolite field of the TAS diagram (after LE MAITRE, 1989). 
(b) The tectonic setting of the four field areas is reflected in the Nb-Y discrimination diagram for granites (after 
PEARCE et al., 1984). Diagram (c) shows that the samples are predominantly peraluminous (after MANIAR & 
PICCOLI, 1989) and diagram (d) shows that sampled of all field areas but Gebbies Pass, Banks Peninsula, plot in 
the medium-K (after LE MAITRE, 1989) or calc-alkaline field (nomenclature in parentheses; after RICKWOOD, 
1989). All field areas form distinct clusters, except in diagram (c), where the two field areas on the North Island 
plot closely together, underlining the same general origin and tectonic setting. 
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Figure 10.33: Selected bivariate major oxide element plots (left column) and trace element plots (right column) 
of Ngongotaha Dome rocks (normalised to 100% wt-%, volatile-free, all samples with <1.2 wt-% LOI). 
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Further studies are necessary to get a better understanding of the magma chamber processes 
and the feeder system of Ngongotaha Dome. However, these studies must include a systematic 
sampling of all domes in the N gongotaha Dome Complex, as well as other post-caldera domes of 
the Rotorua Caldera (compare with Fig. 2.8 on page 9), plus ignimbritic units pre-dating the 
post-caldera domes. This widely spaced sampling may enhance geochemical differences, if they are 
present, and give indications of likely magma chamber processes. The very limited spatial and time 
relation of data of N gongotaha Dome cannot give answers to such questions but they contribute 
to a data base which eventually may give answers to the development of the magmatic system 
underneath Rotorua Caldera in time and space. 
lOA Characterisation of crystalline phases and glass 
1004.1 Phenocrysts 
The rhyolite from Ngongotaha Dome is phenocryst-poor with an average of 3.21 modal-% phe-
nocrysts (max. 5.41 modal-%, min. 1.61 modal-%, s.d. 0.77). The most abundant phenocryst 
phase is plagioclase followed by minor orthopyroxene and magnetite as well as traces of ilmenite. 
No quartz has been found, although SHEPHERD (1991) reported rare quartz phenocrysts from other 
domes of the Ngongotaha Dome Complex. These phenocryst characteristics are consistent with 
EWART'S (1968) classification according to which the post-caldera rhyolites (220-50 ka) ofthe Ro-
torua Caldera are crystal-poor having the described phenocryst assemblage. 
The modal abundances of all phenocrysts are plotted for all point-counted samples in Fig. 10.34 
and their distribution patterns are assessed in view of the suggested presence of three dome lobes 
(cf. Fig. 10.28 on page 197). However, as shown in Fig. 10.34, no systematic variation in terms of 
total or individual phenocryst abundances or size is evident, either in relation to the extent of the 
proposed dome lobes or to the overall dome shape. The rather uniform distribution and abundance 
of phenocrysts is consistent with the findings in Section 10.3 that Ngongotaha Dome was composed 
of a rather homogeneous magma batch. 
In the following, the main characteristics and the origin of certain features of individual phe-
nocryst phases are discussed. Overall, there is little variation in phenocryst characteristics, as might 
be expected from the homogeneous magma composition and the small dome volume. In general, 
differences within a phenocryst phase arise from various degrees of alteration and competence (Le., 
degree of fragmentation). 
Plagioclase 
Plagioclase is the most abundant phenocryst phase with an average of 2.62 modal-% (max. 4.94 
modal-%, min. 1.28 modal-%, s.d. 0.66). Commonly, plagioclase is euhedral to subhedral and 
frequently slightly rounded, especially at the edges. The maximum plagioclase phenocryst size is 
3.02 mm but commonly ranges from ca. 1.1 to 2.0 mm. Occasional fragmentation ranges from 
pull-apart segments with gaps of a few millimetres to individual fragments without any matching 
counterparts in the thin section. In general, plagioclases are fresh without any alteration. However, 
sieve textures, as defined by minute pale to dark brown glass inclusions, are frequently observed 
either in the core or along the rim (Fig. 5.17 on page 79 and Fig. 10.36 on page 208). Within a 
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Figure 10.34: Modal phenocryst distribution of all point-counted samples. Bars of phenocryst abundances for 
closely spaced samples are lined up which also eases a direct comparison. There is no apparent systematic 
distribution of either single or total phenocryst abundances in relation to the sample location within the dome. 
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single plagioclase, glass inclusions range from coarse to very fine and their shapes vary from roughly 
rectangular to rounded or ellipsoidal. Frequently, the glass inclusions form an interconnected net-
work which seems to follow roughly crystallographic orientations. The intensity of sieve texture 
differs widely and ranges from few scattered glass inclusions to a dense network. Sieve textures tend 
to be more common for larger phenocryst sizes, although they are also observed for the smallest 
plagioclase phenocrysts. Rare embayments in plagioclases are present. 
Frequently plagioclases form glomeroporphyritic aggregates together with the other two phe-
nocryst minerals present. Plagioclase crystals may include all other phenocrysts plus zircon and 
apatite. 
Plagioclases may show no twinning at all, simple Carlsbad twinning or the combined Al-
bite/Carlsbad twinning with rare Pericline twinning. All of these twinning variations may occur in 
close proximity (Le., in one thin section). However, only a few examples were suitable to determine 
the An-content with the microscope. The lowest microscopically determined anorthite composition 
of plagioclase rims is An~18, while zonation compositions range from An30-40 with An40 the highest 
anorthite composition of plagioclase cores. 
The plagioclases may be unzoned, normal or oscillatory zoned. Oscillatory zoning is widespread 
and has an overall normal trend. Reverse zoning was only very rarely found. Zoning is commonly 
not very pronounc~d with only few zones present. 
EMP analyses of plagioclases 
(Appendix G.4 on page 489) sup-
port the compositional tendency de-
termined with the help of the micro-
scope and the results are summarised 
in Fig. 10.35. Anorthite content 
ranges from a maximum core com-
position of An56.41 (plagioclase 5 in 
sample NQ-24) to a minimum rim 
composition of An20.67 (plagioclase 
3 in sample NQ-50; overall average 
is An33.27 with a standard deviation 
of 5.94). The plagioclase rim com-
position shows a rather wide scatter 
ranging from a minimum of An21.72 
to a maximum of An42.00 (average: 
An30.88, s.d. 4.55). Figure 10.35 
shows that despite the wide composi-
tional range there exists a relatively 
dense cluster of plagioclase composi-
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Figure 10.35: Composition of plagioclases, spherulitic growth forms 
and glass matrix in the An-Ab-Or system. Detailed graphs of pla-
gioclase compositions are given in Fig.' 10.37 on pages 210 and 211 
and of spherulite compositions in Fig. 10.49 on page 225. 
tions between An~30 and An",35 which includes the overall composition average and average of rim 
compositions. The orthoclase content of the plagioclases ranges from Oro.87 (core of plagioclase 1 
in sample NQ-58) to Or5.78 (rim of plagioclase 6 in sample NQ-58), with a general increase from 
core to rim. Normative calculations predict a much higher Or content ranging from 17.2 to 21.9 
mol-% (Appendix E) which indicates that most of the K20 is concentrated in the groundmass. 
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This is supported by the mineralogy of spherulites which plot along the alkali-feldspar series (Fig. 
10.35) as well as by the felsitic groundmass of RHY and CRHY which is composed of quartz and 
anorthoclase. 
In Figure 10.37 on pages 210 and 211 plagioclase compositions are plotted individually for all 
samples analysed by EMP. Almost all samples reflect the wide range of plagioclase compositions, 
either as separate plagioclases or as zonation pattern in one plagioclase. Zonation may cover a 
restricted or a wide compositional range. Plagioclase 7 in sample NQ- 28 shows a marked oscillatory 
zonation, while plagioclase 6 in the same sample shows a normal zonation trend. An examples of 
reverse zonation is given by plagioclases 6 in sample NQ- 20, 3 in sample NQ- 33 and 1 in sample 
NQ- 50. Overall, no systematic variation of plagioclase composition in relation to sample position 
in the dome exists; plagioclases in late obsidian squeeze-ups (e.g., sample NQ- 58) show the same 
core-rim compositional variation as plagioclases from the lowermost exposed dome section (e.g., 
sample NQ- 50) although the latter also has a plagioclase of slightly lower An- composition. 
In general, plagioclase pheno-
crysts preserve records of chemical 
and physical processes during the 
evolution of magma chambers and, 
hence, their chemical and textu-
ral zoning reflects primary growth 
processes (e.g., ANDERSON, 1984; 
PEARCE et al. , 1987). Parameters 
influencing the major element com-
position of plagioclases include melt 
composition, H2 0 content , tempera-
ture and pressure, decompression and 
growth rates (for references to the in-
fluence of individual parameters see 
SINGER et at. , 1995). 
Zoning pattern in plagioclases 
have been correlated with specific 
magmatic processes since zoning pro-
Figure 10.36: Typical characteristics of the phenocryst assemblage 
found in the rhyolite of Ngongotaha Dome. Plagioclase is frequently 
subhedral and shows sieve textures, whereas orthopyroxene and mag-
netite are commonly fresh and euhedral. Sample NQ-26. Length of 
view: 3.5 mm. 
files are the result of a mineral finding an equilibrium with a host magma whose chemical and 
physical parameters change periodically (e.g., STAMATELOPOULOU- SEYMOUR et at., 1990) . 
HOMMA (1932) interpreted oscillatory zoning in plagioclases from andesites to be a reflection 
of thermally driven convection cells in magma chambers, whereby the growing phenocrysts tap 
different magma compositions so that the growth zones reflect the 'local' magma composition. A 
further hypothesis of the origin of oscillatory zoning in volcanic plagioclases involves repeated 
fluctuations of water pressure of a magma induced by volcanic eruptions (e.g. , Ewart , 1963, 1967) . 
Similar to EWART'S interpretation, MOROHASHI et at. (1974) explained oscillatory zoning by re-
peated sudden drops and gradual recovery of water pressure in the upper levels of a magma chamber 
due to intermittent volcanic eruptions. In deeper level of the magma chamber, changes in water 
pressure were only minor resulting in simple normally zoned plagioclases. 
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Dynamic crystallisation experiments by LOFGREN (1980) showed that a decrease in undercooling 
results in reverse zoning. A decrease in undercooling of a magma in the magma chamber can be 
achieved by a buildup of dissolved volatiles as a result of crystallisation of anhydrous minerals which 
also causes a disequilibrium crystallisation (e.g., LOOMIS, 1982; STAMATELOPOULOU-SEYMOUR 
et at., 1990). Magma mixing with a hotter, more mafic magma which involves an increase in 
temperature also leads to a decrease of undercooling and reverse zoning. 
Oscillatory and reverse zoning have also been explained as being the result of magma mixing 
(e.g., NIXON & PEARCE, 1987; STIMAC & PEARCE, 1992). However, since no other evidence 
for magma mixing in the rocks from Ngongotaha Dome has been found8 and since the zoning 
patterns in plagioclases can be explained by (periodic) variations in the volatile content and resulting 
different degrees of undercooling, the origin of the observed zoning patterns is attributed to the latter 
hypothesis. Further detailed studies ofthe plagioclase zoning patterns, possibly using Nomarski and 
laser interferometry techniques9 , could give a deeper insight into the nature of the zoning and reveal 
possible disequilibrium surfaces which may shed light on the nature of magma chamber processes. 
Sieve textures have been explained by numerous hypotheses. One hypothesis is based on 
skeletal growth as a result of undercooling and hence rapid crystallisation (Kuo & KIRKPATRICK, 
1982). At Ngongotaha Dome, melt inclusions forming the sieve texture are not bound to crystal-
lographic orientations and, in the case of glomeroporphyritic plagioclases, they cross over crystal 
boundaries. This behaviour suggests a resorption rather than rapid crystallisation of the plagio-
clases. However, two other theories regarding the origin of sieve textures are more widely accepted. 
The first is based on magma mixing (e.g., LOFGREN & NORRIS, 1981; TSUCHIYAMA, 1985) whereas 
the second involves rapid magma decompression (e.g., VANCE, 1965; STORMER, 1972; NELSON & 
MONTANA, 1992). The sieve-textures of Ngongotaha plagioclases have characteristics very similar 
to those produced in decompression experiments of andesites (NELSON & MONTANA, 1992). De-
compression occurs during rapid magma ascent and does not require heat or mass input. As briefly 
outlined above, in the absence of other features indicating magma mixing, rapid decompression, as 
the simpler model, is proposed for for the observed sieve textures. 
Orthopyroxene 
Orthopyroxene is slightly more abundant than magnetite with an average of 0.27 modal-% (max. 
0.72 modal-%, min. 0.12 modal-%, s.d. 0.13). Orthopyroxenes are mainly fresh with minor 
alteration present from a slightly opaque rim to complete opaque replacement. In general, the phe-
nocrysts are euhedral with crystallographically defined outlines (Fig. 10.36 on page 208). Minor 
roundings at edges and fragmentation are present. Orthopyroxenes occur commonly as individual 
phenocrysts although glomeroporphyritic aggregates are found, occasionally together with plagio-
clase and opaques. The average phenocryst length is 0.6 to 0.8 mm although lengths exceeding 1 
8Criteria indicative for magma mixing are, for instance, disequilibrium phenocryst assemblages and chemical and 
isotopic signatures showing the involvement of two magmas. 
9 Nomarski interference contrast imaging reveals very fine textural details such as enhanced zoning and discontinu-
ities which are not visible in transmitted light. Polished thin sections are etched with concentrated HBF 4 which gives 
a microtopography of 'ridges' (anorthite-poor) and 'depressions' (anorthite-rich). Although compositional variations 
are therefore enhanced and visible no absolute compositions are available (e.g., STAMATELOPOULOU-SEYMOUR et al., 
1990). Simultaneous observation and direct analyses of compositional changes are possible with laser interference 
microscopy. Different compositions result in different refractive indices which are used in an interferogram which 
shows changing indices as shifts in interference fringes (PEARCE, 1984). 
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Figure 10.37: Detailed An-Ab-Or plots of plagioclase, spherulite and glass matrix compositions of all samples 
analysed by electron microprobe. Some samples have no spherulitic growth forms at all or only one or two of 
them. Also, not all samples have fresh glass. 
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mm are not uncommon (max. 1.50 mm). No zonation was found. Inclusions of apatite and opaques 
are common. 
The microscopically determined or-
thopyroxene composition (2Vx ,,-,55-60° 
equalling ,,-,60-65 atomic-% Fe) is consis-
tent with EMP data (Appendix G.5 on 
page 499). The average En-component 
is 48.22% (min. 23.00%, max. 65.16%, 
s.d. 4.76); the Fs-component ranges from 
69.22 to 33.06% with an average of 49.06% 
(s.d. 4.35). In Fig. 10.38 the or-
thopyroxene composition in terms of Fe, 
Mg, and Ca-contents is plotted using the 
CaTi[Si03b and CaMn[SiOgb end mem-
bers which shows that some orthopyrox-
enes have traces of manganese while in 
others traces of titanium are found. Fig. 
10.38 shows that the orthopyroxenes have 
a rather narrow compositional range with 
few exceptions (noticeable in samples NQ-
28, NQ-32, NQ-33 and NQ-38). The Ca 
content is rather low with an average Wo-
component of 2.70% (s.d. 1.79). The aver-
age Mg number is 49.80 (max. 60.01, min. 
CaMn[SIO,], 
[Johannsenite) 
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Figure 10.38: Orthopyroxene compositions in the enstatite-
orthoferrosillite-johannsenite-Ca Ti[Si03]z system 
41.13, s.d 2.90). Interestingly, EMP analyses of the opaque rim of orthopyroxene indicate only 
a slight difference in chemical composition with respect to the fresh orthopyroxene composition 
(e.g., orthopyroxene 3 and 4 in sample NQ-42 in Appendix G.5). The opaque rim is slightly en-
riched in manganese and magnesium and depleted in iron. However, compared with the average 
orthopyroxene composition the opaque rims show no difference. 
The very low Ca content of the bulk rock excluded the formation of clinopyroxenes. 
Fe-Ti oxides 
The most abundant Fe-Ti oxide is magnetite while ilmenite occurs only in traces. Magnetite 
content is on average 0.27 modal-%. Magnetite phenocrysts have a restricted size range (0.2-0.4 
mm in diameter). They are commonly euhedral (four-sided) with frequent minor rounded edges 
(Fig. 10.36 on page 208). EMP data are listed in Appendix G.10 on page 508. Magnetites show 
a rather inhomogeneous chemical composition, which is also expressed in widely varying values 
of magnetite-ulvospinel end members. Figure 10.39 shows the wide compositional range of Fe-Ti 
oxides with respect to the solid solution series magnetite-ulvospinel and hematite-ilmenite. The 
small compositional gap in the magnetite series cannot be explained but may be due to insufficient 
data points. 
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Traces of ilmenite occur and has been 
found in few thin sections only. Its phe-
nocryst length ranges from 0.22 to 0.76 
mm. The chemical composition is more ho-
mogeneous than hematite (results of EMP 
analyses are given in Appendix G.ll on 
page 510). However, the restricted com-
positional range may be due to insufficient 
probing since eight measurements on il-
menite contrast with 30 magnetite mea-
surements. The average composition in 
terms of ilmenite-hematite-geikielite end 
members is Ilm91.8HemoGei4.o. 
In the absence of other suitable coex-
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Figure 10.39: Compositional variation of Fe-Ti oxides at 
isting mineral pairs such as two feldspars Ngongotaha in the system FeO-Fe203-Ti02 in terms of 
or two pyroxenes, coexisting magnetite and the solid solution series magnetite-ulv6spinel and hematite-
magnetite. 
ilmenite provide the only means of estimat-
ing the magmatic temperature and oxygen 
fugacity using the geothermometer of BUDDINGTON & LINDSLEY (1964) with refinements of AN-
DERSON & LINDSLEY (1988). 
Suitable Fe-Ti oxide pairs should 
have evidence for equilibrium such as 
coexisting magnetite and ilmenite in-
clusions in other phenocrysts, a di-
rect contact with each other or be-
ing separated by continuous glass. 
At Ngongotaha, magnetite-ilmenite 
pairs have been analysed in four sam-
ples (NQ-20, NQ-25, NQ-33 and 
NQ-50) in which the oxide pairs are 
in close proximity and separated only 
by fresh glass or which occurred to-
gether in glomeroporphyritic aggre-
gates composed of plagioclase and/or 
orthopyroxene. Only in sample NQ-
33 did a hematite-ilmenite pair occur 
within an orthopyroxene, whereby 
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Figure 10.40: Plot of the magmatic equilibrium temperature vs. 
oxygen fugacity range in Ngongotaha rhyolites as calculated with the 
Fe-Ti oxide geothermometer by ANDERSON & LINDSLEY (1988). 
The shaded area indicates the range of rhyolites and dacites (after 
WILSON, 1989). Indicated oxygen fugacity buffer curves are for rhy-
olites and dacites (after CARMICHAEL, 1967). 
both crystals are partially included by the orthopyroxene and therefore partially exposed to the sur-
rounding melt which allows to assume an equilibrium state for both mineral phases. The oxide pairs 
have been tested with the Mg/Mn equilibrium partitioning criterion of BACON & HIRSCHMANN 
(1988). Only oxide pairs in samples NQ-20 and NQ-33 satisfied this criterion and were used for 
temperature and oxygen fugacity calculations which were done with a subroutine of the computer 
program PetMin v.2 by N. EBY assuming a pressure of 2kbar. Results are plotted in Fig. 10.40. 
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The coexisting magnetite-ilmenite pair within a orthopyroxene (sample NQ-33) yields an equilib-
rium temperature of 814.7°C and an oxygen fugacity of log i02 =-13.880. Other oxide pairs give 
a rather restricted temperature range of 784.2-823.3°C with oxygen fugacities (log i02 in bars) 
ranging from -14.300 to -13.431 (11 sample pairs). The small range in equilibrium temperatures 
suggests a near homogenous magma system with no or only a minor temperature gradient-as far 
as the magma batch building Ngongotaha Dome is concerned. For further modelling, an average 
temperature of 815°C is assumed. Fig. 10.40 shows that T / i02 values are consistent with orthopy-
roxene as the dominant mafic mineral and with conditions which favour the presence of magnetite 
over fayalite and hematite. 
The equilibrium temperature for Ngongotaha rhyolite is in line with Fe-Ti oxide geothermometry 
values for TVZ silicic magmas which are in the range from 725 to 915°C (EWART et al., 1975). Two 
distinct rhyolite lava groups are identified in the TVZ, a low-temperature group oflavas, pumices and 
ignimbrites with Fe-Ti oxide equilibrium temperatures between 735-780°C and a high-temperature 
group of pumices with temperatures between 860-890°C. The LT-rhyolite contains phenocrysts of 
amphibole, orthopyroxene and ±biotite, while the HT-group ofrhyolites contains only 'hypersthene' 
and augite (EWART et al., 1971). The highest equilibrium temperatures have pumices containing 
phenocryst of plagioclase, orthopyroxene and Fe-Ti oxides only. The temperature range of 725-
890°C (to 915°C, EWART et al., 1975) has been explained by a strong gradation in equilibrium 
temperatures in different magma chamabers (EWART et al., 1971). 
An average equilibrium temperature of 815°C puts Ngongotaha rhyolites between the two 
groups. Although the rhyolites at Ngongotaha show the same phenocryst assemblage as the Taupo 
pumices having the highest equilibrium temperatures, their equilibrium temperatures are well below 
those of the Taupo pumices. The absence of quartz indicates a relative high liquidus temperature 
with the magma not having reached the quartz-feldspar boundary. 
10.4.2 Microlites and microphenocrysts 
Microlites «30 !-lm long, <1.2 !-lm wide) and microphenocrysts (30-100 !-lm long, 1.2-40 !-lm wide) 
are discussed together in this section since they are only observable under the microscope using 
high-power magnification. Microlites are dominant over microphenocrysts, but the size definitions 
are artificial. Frequently, a population of crystals covers a size range which slightly overlaps the 
boundary between micro lites and microphenocrysts such as a range from 20-40 !-lm. In such cases a 
preference for the term microlite is chosen. Furthermore, a classification according to crystal length 
does not necessarily conform with the classification according to crystal width. In such cases a 
preference for crystal length was chosen. The following description and discussion favours the term 
microlites and the presence of 'true' microphenocrysts (i.e., not overlapping with the microlite size 
range) is pointed out where appropriate. 
Microlites of different mineralogy and form are common in the rhyolites at Ngongotaha. Their 
general appearance is discussed first followed by a description of the different microlite forms and 
their constituting minerals. Finally, the origin of microlites in terms of formation onset is addressed. 
In general, the microlites are fresh and well crystallised if they occur in a glassy matrix (Fig. 
10.41; except for the 'spider'-like trichites, see below). However, they are altered to opaque material 
and have corroded outlines if they are enclosed in spherulites or in the vicinity of spherulites (Fig. 
10.42). The growth of anhydrous minerals, such as silica polymorphs and feldspars, which constitute 
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the spherulites results in a localised water enrichment and temperature increase due to release of 
heat of crystallisation both of which facilitate the oxidation of microlites. Affected crystals are 
primarily those composed of pyroxene and magnetite/ilmenite in which the iron becomes oxidised. 
Pyroxenes become opaque and lose birefringence. 
Microlites are of the same mineral assemblage as the phenocrysts, i.e., pyroxene, feldspar and 
opaques (magnetite/ilmenite). No direct identification has been achieved with EMP analyses. 
Reasons therefore include the smallness of microlites in conjunction with operating conditions of 
the electron microprobe which precluded a high enough resolution for recognising microlites in the 
first place. In the case of larger microlites, the shape of which could be detected under the EMP, 
it was always found that they were not exposed at the analysing surface but covered by a thin 
obsidian film so that analyses were obscured by the glass composition. However, the mineralogy of 
microlites have been derived from a comparison of modal and normative mineral composition (see 
previous section) and properties under the microscope as well as from a comparison with microlite 
descriptions at other rhyolite occurrences where a positive mineral identification has been achieved 
(as discussed in Section 5.4 on page 64). 
Pyroxene microlites are the most abundant and occur in three distinct forms: (i) slender rods 
with pyramid-like terminations, (ii) chains of stout prisms, and (iii) 'spider'-like trichites. The pale-
green pyroxene rods have in general a uniform size (20-36 11m long, rarely up to 80 11m long; 1-3 11m 
wide) and a large extinction angle of between 30-40° (Fig. 10.41). Chains or trails of stout pyroxene 
prisms are composed of a varying number of prisms which range from four to over 25 whereby no 
relation exists between their occurrence and other microlite forms or spherulitic devitrification or 
setting within the dome. Individual prisms are generally smaller than five micrometres in diameter 
and crystallographically well defined. Chain lengths vary greatly but do not exceed 75 11m if they 
are straight (Fig. 5.5 on page 69). 
Often, the chains are curved or even looped in which case the chains tend to be much longer 
(Fig. 5.4 on page 69). It is assumed that the straight chains are formed during lava flowage in 
response to shear, whereas curved and looped chains develop in a stagnant flow part in which there 
was no shearing to align the prisms. 'Spider'-like trichites form the third type of pyroxene microlites 
(see figs. 5.4, 5.5 and 5.6 on page 69). These filaments are curved and radiate from a common 
centre which is formed by opaques (probably magnetite). Very rarely are the filaments birefringent. 
Filament thicknesses range from 0.4-2 11m. The trichites show a rather uniform overall size (25-30 
11m in diameter). The delicate shape of the filaments and their radiating nature suggest a formation 
not dictated by shear but rather under conditions of a stagnant lava flow, at least locally. 
Colourless plagioclase rods are commonly slightly longer and thicker than pyroxene rods (com-
monly 20-45 11m long, 1-5 11m wide) with a maximum thickness of 20 11m and lengths exceeding 100 
11m. The majority of the plagioclases are micro lites with few microphenocrysts present (figs. 10.44, 
10.45 and 10.46). All show a more or less straight extinction. Crystal terminations are generally 
flat but occasionally hopper-like or skeletal (Fig. 10.44). Plagioclase rods are parallel to each other 
indicating formation during lava flowage. 
Microlitic opaques include magnetite and ilmenite. Under the microscope no distinction between 
the two is possible. Therefore, the two oxides will simply be referred to as 'opaques' in the following 
section. Commonly they occur as individual rounded and often shapeless blebs of a more or less 
uniform size ("-'5-6 11m in diameter). However, frequently slightly rounded four-sided shapes are 
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Figure 10.41: Parallel aligned microlites of pyroxene and feldspar. In general, the pyroxene microlites are shorter, 
pale-green and have short pyramidal-like terminations whereas the colourless feldspar microlites tend to be 
slightly longer and thicker. Sample: NQ-25. Length of view: 0.16 mm 
Figure 10.42: Opaquish and corroded microlites occur in the vicinity and within spherulites. Sample: NQ-25. 
Length of view: 0.23 mm 
Figure 10.43: Folded microlite-rich and microlite-poor bands define a flow layering. Sample: NQ-29. Length of 
view: 3.5 mm 
Figure 10.44: Skeletal feldspar microphenocryst. Note the changing crystal width and odd terminations. Sample: 
NQ-25. Scale bar: 50 f..tm. 
Figure 10.45: Feldspar microphenocryst showing an uneven surface and serrated crystal edges. These features 
may be due to corrosion since the microphenocryst is next to a spherulite (to the right) or they may be features 
indicating skeletal growth. Sample: NQ-25. Scale bar: 25 f..tm. 
Figure 10.46: Minute opaque to reddish translucent globules on the surface of a feldspar microphenocryst. They 
are similar to those found on tiny bubble surfaces (figs. 10.56a and 10.56b). Sample: NQ-25. Scale bar: 25 
f..tm. 
found which suggest magnetite (Fig. 10.43). These occur as individual microlites and the centres 
of 'spider'-like pyroxene trichites (Fig. 5.6 on page 69). Opaque microlites forming such centres 
are of the same size as individual opaque microlites but frequently are much smaller and sometimes 
hardly noticeable. In any case, they form the nuclei at which pyroxene filaments nucleate and grow. 
Besides these two principle types of opaque microlites, skeletal opaque microlites are also present as 
comb-like magnetite whiskers (Fig. 5.6 on page 69). Such skeletal growth always occurs in glassy 
areas dominated by pyroxene trichites (which may also be present as a skeletal growth). 
Glassy areas with opaque microlites appear coloured in hand specimens with the colour inten-
sity depending on the relative abundance of the opaque microlites. A high abundance of opaque 
microlites contributes to the black colour of obsidians. Oxidation of opaque microlites renders the 
glass yellowish-brown to reddish-brown, depending on the degree of oxidation. 
In terms of the presence or absence of local lava flow movement (shearing), two settings may 
be distinguished. In response to local lava flow by shearing, microlites are aligned to define a flow 
layering. In lava not subject to shearing, microlites are randomly oriented and delicate microlite 
types such as the 'spider'-like trichites occur. 
In lava with aligned microlites, a segregation of microlites occurs resulting in microlite-rich and 
microlite-poor bands (Fig. 10.43). Differences in microlite densities also result in varying glass 
colours. Segregation of microlites is a response to shearing and vesiculation along preferred flow 
layers which resulted in undercooling, microlite nucleation and slight differences in viscosities. A 
different origin of microlite-rich and -poor layers was suggested by GIBSON & NANEY (1992) who 
suggested the mixing of two silicic magmas (rhyolite and dacite) at Inyo Domes, California. During 
comingling of the dacitic with rhyolitic magma the two magmas attempt equilibrium which leads 
to the precipitation of microlites in the dacitic bands. However, at Inyo Domes other evidence 
supports the hypothesis of mixing such as different mineral assemblages in the different bands and 
different chemical compositions. 
The abundance of microlites varies greatly across the dome, on all scales. Microlites of all types 
occur at all levels of the quarry and no systematic distribution pattern has been found. However, 
certain types of microlites tend to dominate certain localised areas, i.e., rod-like microlites dominate 
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Figure 10.41 Figure 10.42 
Figure 10.43 Figure 10.44 
Figure 10.45 Figure 10.46 
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an area independent of whether they are composed of pyroxene or feldspars; trichites dominate 
another area while chains of pyroxene prisms are dominant in yet another area. In the transition 
between two such areas the two microlite types intermingle. 
The relatively uniform size within all microlite types points to a single nucleation and growth 
event for each type respectively. Since all flow-aligned microlite types occur at all levels of the 
dome, i.e., in the earliest and latest dome parts, it is suggested that their formation occurred prior 
to dome lobe extrusions within the conduit system in response to the high degree of undercooling 
as outlined in Section 5.4 on page 64. Experimental studies showed that microlitic rods form at 
undercoolings larger than 1500 (SWANSON et at., 1985; MUNCILL & LASAGA, 1988). The onset of 
formation of delicately shaped microlites which are not affected by lava flowage (shearing) such as 
trichites and looped/curved chains of pyroxene prisms is more problematic. If they were formed 
at about the same time as the flow-aligned microlite rods, 'passive' flow layers were present in the 
extruding dome lobe which, however, would slow the extrusion rate down. On the other hand, they 
could be formed after dome lobe extrusion in now stagnant flow parts, which is the more likely 
explanation. 
1004.3 CSD theory applied to Ngongotaha rhyolites 
In this section the results and limitations of thE:) crystal-size distribution theory applied to rhyolites 
at N gongotaha are presented and discussed. A simplified background of the CSD theory is given in 
Section 5.8.1 on page 86 and specific points not mentioned there are discussed here in detail. 
In this study crystal widths were measured either directly under the microscope or in high-
magnification photographs with an image analyser. Crystal width was chosen rather than length 
since it provides a more stable parameter. The measurement of crystal lengths requires precisely cut 
oriented thin sections in order to maximise the probability that the true crystal length is observed 
in the thin section. However, it was found that in oriented thin sections the long axes of elongated 
phenocrysts such as plagioclase are not always parallel to the thin section plane10 . Crystal widths 
do not change as dramatically as crystal length, when the thin section is not perfectly orientated. 
The low abundance of crystals in the rhyolites at Ngongotaha posed a considerable problem for 
determining the CSD as several hundred measured crystals within a defined area are necessary. At 
Ngongotaha the dominant phenocryst phase is plagioclase which also occurs as abundant microlitic 
rods. The identification of plagioclase as phenocrysts was straightforward whereas the distinction 
between plagioclase microlites and pyroxene rods was not always possible. Only positively identified 
. plagioclase microlites were further considered which may have resulted in a slight underestimation 
of the total plagioclase microlite number. Furthermore, only those plagioclase crystals which are 
not fragmented or fractured were considered. The problem of low abundance of plagioclase crystals 
was solved by using closely spaced thin sections (samples NQ-25, NQ-26, NQ-28, NQ-29 and NQ-
30) of the same flow band (in the upper second level) and all data were used to calculate a CSD 
curve. The individual number vs. length distributions for each sample are very similar and adding 
up of all the data only enhances the trend. The entire measured area was taken into account for 
the calculation of the population density. 
The first step in finding a CSD curve involves the plot of crystal abundances against defined 
10HIGGINS (1994) also found that the dominant crystal length measured in thin sections is not the true three 
dimensional length. 
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Figure 10.47: (a) Plot of crystal numbers vs. thickness intervals. The first interval has been further subdivided 
to mark the difference between microlite and phenocryst numbers below and above 40 f-lm. The inset shows the 
bimodality of the plagioclase crystal sizes. (b) Crystal size distribution plot of plagioclase crystals in the upper 
second level of the quarry. See text for discussion. 
widths intervals (Fig. 10.47a). Intervals were chosen to cover the entire width range of all plagio-
clase crystals which is between 0 to 0.9 mm. An even division gives interval lengths of 0.1 mm. 
An additional subdivision was made within the first length interval at 0,04 mm to reflect the dra-
matic increase of crystal numbers in the range 0-0.04 mm, which coincides with the size boundary 
phenocrysts/microphenocrysts. However, since very few microphenocrysts occur, the high crystal 
number in the range <40 11m is solely due to microlites. Effectively, the plagioclase crystal sizes at 
Ngongotaha Dome show a bimodality defined by microlites and phenocrysts, 
Next, the population density has to be calculated which is a volumetric measure. However, crys-
tal numbers are counted in thin sections, e,g" in two dimensions, which requires a transformation 
of the data, A widely used simple transformation has been suggested by CASHMAN (1990): 
Population density = (Number of crystals/ Area) 1.5 /Length interval (10,1) 
The crystal number encompasses all plagioclase crystals of the selected samples and the overall 
scanned thin section area is taken as the area in Eq. 10.1. 
In the CSD theory, there are two basic end-member models: (i) the steady-state, open system 
and (ii) the closed or batch system. However, it is difficult to decide from which system the lava 
has come and therefore interpretation of CSD curves may be uncertain. To test for steady-state 
conditions a suite of successive samples representing a sequence of comagmatic lavas needs to be 
tested (RESMINI & MARSH, 1995). Outcrop relations and uncertainties about the eruption sequence 
do not allow such a test for which sampling of the entire Ngongotaha Dome complex is necessary, 
Published CSD studies of volcanic rocks assume in general a steady-state system (e.g., HIGGINS, 
1996a, 1996b; WILHELM & WORNER, 1996), and this will be adopted here. According to MARSH 
(1988) and CASHMAN & MARSH (1988) the solution of the formulae for a non-steady batch cooling 
system has the same form as the steady-state solution. The only difference between the two plots 
is that in a batch system all slopes are normalised to the same intercept whereas in a steady-state 
system each sample can have a different intercept. 
Using Eq. 10,1 the plot in Fig. 10.47b has been calculated. The very low plagioclase abundance 
in the rhyolite is reflected by the negative values~f the population density. The CSD curve is 
'\~ ~~\t:q 
219 ~ 
CHAPTER 10. NGONGOTAHA DOME 
Table 10.1: CSD data and calculated residence times for two different growth rates of plagioclase crystals. 
Intercept Slope Residence time [years] 
10-10 cm s-l 10-11 cm s-l 
1st line segment -3.2 -43.3 0.73 7.32 
2nd line segment -4.7 -11.0 2.88 28.79 
3rd line segment -6.5 -4.4 7.14 71.36 
not a straight line but kinked two times and it becomes shallower with larger crystal size. Such 
upwards curved line cannot be explained by a single population of crystals. Similar CSD curves 
have been observed for crystals in other volcanics such as plagioclase in andesites (MARSH, 1988) 
and rhyodacites (HIGGINS, 1996b)' as well as olivine in tholeiitic basalts (MAALOE et aZ:, 1989). 
Table 10.1 summarises the CSD data for the slopes of the three line segments in Fig. 10.47b. 
The upwards curvature of the CSD curve has been explained by a number of different processes 
which are summarised as follows: 
- crystal accumulation (MARSH, 1988) 
- dependence of growth rate on the crystal size (theoretical assumption; MARSH, 1988); how-
ever, growth rates are constant with crystal size (CASHMAN & MARSH, 1988) 
- "fines destruction" (MARSH, 1988) which involves the resorption of small crystals at the 
expense of larger crystals 
- abrupt changes in cooling time (quenching; e.g., MARSH, 1988; ARMIENTI et aZ., 1994) in 
which undercooling triggers a high nucleation rate resulting in a high number of small crystals 
- change in mineralogy of crystallising crystals at constant cooling rate over a significant time 
period (CASHMAN, 1993) 
mixing of magmas with contrasting CSD curves resulting in a curve with a steep slope at 
small crystal sizes and a shallow slope at larger crystal sizes (HIGGINS, 1996b) 
The listing shows that CSD curves can indicate a number of processes but they alone cannot be 
used to decide which process was dominant. Other criteria have to be used to narrow the selection 
of possible processes down. 
Of all the listed processes, the most likely and easy to explain process is sudden undercooling 
due to volatile exsolution during magma ascent (see Section 5.4.2 on page 67); this results in a 
dramatic increase in the nucleation rate and formation of abundant microlites. 
According to the CSD theory, the slope of the log-linear CSD curve is -l/G {) (where G is the 
average growth rate and {) is the growth time or residence time in the magma chamber) and the 
intercept with the population density axis gives the nucleation density, nO, whereby the nucleation 
rate, J, is found from J = nO /G. 
The residence time of plagioclase crystals can be calculated if the growth rates for plagioclases 
are known. Growth rates for plagioclases in dacites are in the order of 10-10 to 10-11 cm s-l (e.g., 
GESCHWIND & RUTHERFORD, 1995; CASHMAN, 1992) which have been used to calculate residence 
times for Ngongotaha rhyolites. As can be seen in Table 10.1, residence times differ by one order of 
magnitude for the two assumed growth rates and they are therefore very susceptible to the assumed 
growth rate. The residence times for crystals represented by the three line segments differ by a . 
factor of four (1st to 2nd segment) and about three (2nd to 3rd segment). Calculating the overall 
growth times for microlites using an average length of 25 /-tm and the two above growth rates, 
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very similar values to the residence times of the 1st line segment are obtained: 0.8 and 7.9 years, 
respectively. 
Comparing the calculated residence time for micro lites at Ngongotaha Dome with published 
CSD data from other volcanics, there is general agreement when a growth rate of 10-11 cm s-l1 
is selected. HIGGINS (1996a, 1996b) reported microlite residence times of between 6-13 years for 
a rhyodacite (Kameni volcano, Thera, Greece) and 3-7 years for a andesite (Mt. Egmont, New 
Zealand) using in both cases a growth rate of 10-11 cm s-l. For larger crystals ('megacrysts') he 
gave residence times of 24-96 and 26-75 years for the two occurrences, respectively. 
However, considering the inferred eruption mechanism and the relatively short emplacement 
period of ca. 1 yr (see Section 10.6) it is argued that a growth rate of 10-10 cm s-l better 
reflects the conditions for Ngongotaha Dome. The overall microlite growth time of 0.8 years and 
overall residence time of 0.7 years are virtually identical considering errors involved in measuring 
and counting of microlites and an averaged time span of 0.8 years is proposed here. Microlite 
nucleation and growth is considered to commence during magma ascent prior to magma extrusion 
at near-surface conditions (see Section 5.4.2). WESTRICH & EICHELBERGER (1994) suggested that 
an ascending magma begins to release gas at a depth of ca. 500 m, i.e., at and above this level 
we find the highest degree of undercooling and hence highest nucleation rates. At this shallow 
depth a magma residence time of ca. 7 years (as calculated with a growth rate of 10-11 cm s-l) 
appears to be unlikely for the following reasons. Due to the high undercooling the magma is closer 
to its solidus and further cooling over the relatively long time period of 7 years (residence time) 
increases the likelihood that the magma batch crystallises (or 'freezes') at this level without ever 
extruding. Furthermore, exsolution of the gas phase, particularly water, increases the viscosity by 
several orders of magnitude, which in conjunction with a long residence time, also makes the magma 
less likely to erupt. Considering the short residence time and slow magma ascent, particularly after 
gas exsolution and contemporaneous increase in viscosity, the two may be regarded as gradational 
and transitional. The residence time represents the time required for the microlites to grow and 
it therefore represents the period between their nucleation and growth termination by 'freezing' 
to glass, for instance. Nucleation at shallow depth and slow ascent rates accounts for the overall 
microlite growth time (i.e., residence time) of ca. 0.8 years. 
For the plagioclase phenocrysts which nucleated and grew in the magma chamber it can be 
argued that the growth rate was slightly slower (10-11 cm s-l), as commonly suggested in the 
literature) and near the liquidus temperature. At the temperature of phenocryst growths the 
nucleation rate would be very small which is reflected by a very low phenocryst abundance in the 
rhyolite at Ngongotaha Dome. 
Fig. 10.48 schematically demonstrates the relation between growth and nucleation rates for the 
two systems, phenocrysts and microlites, respectively. Considering the first system, phenocrysts 
nucleate and grow under conditions of low nucleation rate but relatively high crystal growth rates 
(Tn and therefore low degrees of under cooling (b..T'). Heat loss during magma ascent was probably 
marginal so that the temperature at which decompression and gas exsolution commences is roughly 
identical to T{. Isothermal decompression results in a shift of the liquidus-solidus lines for the 
magmatic system towards higher temperatures, i.e., it results in a high degree of undercooling 
(b..T"). Similar to the liquidus-solidus shift, the crystal growth and nucleation rate curves are 
shifted towards higher temperatures so that at about the same temperature T{ nucleation and 
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growth of microlites commences (second system). This temperature is T{' in the new system with 
a much higher nucleation rate and a small but higher crystal growth rate than occurred for the 
phenocryst nucleation. The relative rapid change from system one (phenocrysts) to system two 
(microlites) also explains that phenocrysts grew at the same rate as microlites in the second system 
and that they become not substantially larger. Their growths stops at the same time as microlite 
growth stops, i.e, at the time the matrix 'freezes'· to a glass or crystallises. 
Using the slower growth rate of 10-11 cm 
s-l, residence times for plagioclase phenocrysts 
are of the order of 28.8 to 71.4 years, similar to 
those reported by HIGGINS (1996a, 1996b) for 
a rhyodacite and an andesite (24-96 years for 
'megacrysts' at Kameni volcano, Thera, Greece, 
and 26-75 years at Mt. Egmont, New Zealand, 
respectively). The relatively large range in the 
residence time may be due to changes in the shape 
or depth of the magma chamber or the tempera-
ture of the host rocks (HIGGINS, 1996a). 
It is not possible to calculate nucleation rates 
since the intercept of the line segments is a neg-
ative value, the natural logarithm of which is 
mathematically not defined. However, the plot in 
Fig. 10.47 shows that the intercepts of the three 
segments are different which indicate differences 
in the nucleation rate for the crystals. The inter-
cept at negative values of the population density 
demonstrates that the nucleation density is low 
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Figure 10.48: Schematic relation between crystal 
growth and nucleation rate for the two systems describ-
ing phenocryst and microlite growths in the rhyolite at 
Ngongotaha Dome. T1iq refers to the relative liquidus 
temperature of both systems although the actual tem-
perature values are different. See text for discussion. 
and that nucleation rates are rather slow compared to those for plagioclase in basalts and andesites 
for instance. 
In the literature, crystals which number less than 5-8 in a given size range are generally ne-
glected in establishing the CSD curve since their abundances generally fluctuate too much to give 
a reasonable CSD curve. In general, only large crystals are affected and they are excluded from the 
CSD curve. The CSD curve in Fig. 10.47 incorporates such plagioclase phenocrysts and it shows a 
fluctuation around the trend line ofthe 3rd line segment. No explanation of the slight kink between 
the 2nd and 3rd line segment has been made since the CSD curve is based on a number of thin 
sections representing a fairly large area and the low number of phenocrysts will give statistically a 
larger error than the abundant microlites. 
The application of the CSD theory to rhyolites at Ngongotaha has shown that the very low 
crystal abundance limits the full potential of the theory. A higher crystal abundance gives more 
precise data which in turn may indicate possible crystallisation processes more clearly. However, 
even the small number of crystals in the rhyolite at Ngongotaha Dome allows one to establish a 
CSD curve. The apparent strong bimodality of crystal sizes, i.e., phenocrysts and microlites, at 
Ngongotaha Dome gives a line in the log-normal CSD plot which is very similar to other described 
volcanics independent of their nature (basalt, andesite and rhyodacite). 
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10.4.4 Spherulites 
Spherulitic (re)crystallised lithologies are commonly marked by a wide variety of different spherulite 
growth forms, whereby identical growth forms occur at several localities within the dome. Fre-
quently, the mutual relationships of the various growth forms allow the establishment of a growth se-
quence. Criteria used to outline such a growth seqlJ-ence include nucleation and growth of spherulitic 
forms on phenocrysts or on already present spherulites, inclusion of other spherulitic forms and re-
sorption features. Problems arise from the three dimensional nature of spherulitic intergrowth and 
the possibility of simultaneous nucleation and growth of different spherulitic forms. Apart from 
microscopical studies, .s~Z'h 1111) electron microscopy (REM), EMP and XRD analysis have been used 
to measure morphological parameters such as spherulite diameter and fibre thickness as well as to 
investigate the nature of the minerals. 
Spherulite description and inferred growth sequence 
In the following, the different spherulitic forms are described and as far as possible listed according 
to their growth sequence beginning with the first nucleated spherulites (types i to v). Reasons for 
their positioning within the growth sequence are given within the individual descriptions. Spherulite 
types vi to viii crystallised independent of the established growth sequence. The spherulite compo-
sition is given in terms of feldspars which represent the dominant spherulite building minerals. A 
detailed discussion of the spherulite mineralogy is given after this listing. 
1. Probably first to form were minute colourless circular spherulites about 20-30 pm in diameter 
(max. 40 pm). They often form trails which seem to cut through all other spherulitic forms 
and they apparently nucleated at shear planes. Their fibres are not resolvable with the 
petrological microscope (<<1 pm thick). See Fig. 5.9 on page 69. 
ii. Dark-brown spherulite remains are leaf-like, and their mutual arrangement indicates the orig-
inal spherulite outline. The strongly resorbed character is inferred from the irregular outline 
of the remains and from the traces of fibres and opaque branches at the rims which indicate a 
common focal point, but terminate often short of the focal point. Opaque dendritic branches 
occur throughout the spherulitic remains along the spherulite fibres. Individual remains are 
up to 1.8 mm long which indicates an original spherulite diameter of 3.6+ mm. REM observa-
tions show that the fibres are smaller than 1 pm thick. EMP analyses suggest a composition 
ranging between anorthoclase and oligoclase. See Fig. 5.17 on page 79. 
m. The dark-brown spherulitic remains are commonly wrapped in a small axiolitic colourless rim 
which can also be found around spherulitic growth related to lithophysae. The rim is ca. 
10-20 pm thick and has fibre thickness of ,....,0.66 pm (measured by REM). The composition 
ranges from anorthoclase to oligoclase with the latter being dominant (EMP analyses). See 
Fig. 5.17 on page 79. 
IV. Yellowish patches of undulose spherulitic extinction are seen to grow on the axiolitic rims 
and around vesicles or in the glass matrix. The spherulitic patches are not well defined 
and rarely follow defined spherulitic forms such sheaves or spheres. No individual fibres are 
visible under the petrological microscope. Microprobe analyses give a dominantly anorthoclase 
composition. See Fig. 5.9 on page 69 and Fig. 5.17 on page 79. 
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v. Middle-brown spherulites with characteristic spherulitic extinction figures probably formed 
next, although very rarely are they observed growing on one of the previously described 
spherulitic forms. No single fibres are discernable under the petrological microscope. These 
spherulites are ca. 0.3 mm in diameter. Microprobe analyses on samples from different loca-
tions within the dome show that this spherulite type has a rather wide chemical composition 
ranging from sanidine to oligoclase and even to albite. See Fig. 10.42 on page 216. 
VI. This spherulite type has the same colour as the previous spherulite type but has discernable 
fibres with fibre thickness between 0.5 and 1 p,m (measured under petrological microscope 
and REM). Its size range extends to about 4 mm in diameter. Compositionally the two 
middle-brown spherulite types cover the same wide feldspar range. See Fig. 10.43 on page 
216. 
Vll. This group of (light ) grey spherulites shows the greatest variability in terms of spherulite 
diameter and fibre thickness. In general, with increasing spherulite diameter the fibre thickness 
increases, as shown with the following examples: fibre diameter 0.85 mm-fibre thickness ca. 
2 p,m, 1.1 mm-ca. 4 p,m, 1.6 mm-ca. 20 p,m. Maximum spherulite diameter is 1.9 mm. 
This spherulite group tends to have yellowish or brownish concentric zones and a colourless 
axiolitic rim. Apart from perfect circular growths, they also form half-spheres on one side of 
flow planes or elongated vesicles. Their composition also covers a wide range, from sanidine 
to oligoclase (EMPA). No relationship of this spherulite form to the above growth sequence 
has been found. See Fig. 5.20 on page 79 and Fig. 10.42 on page 216. 
Vlll. The last group of spherulitic growths is related to lithophysae. It is often continuous for 
several centimetres and up to 2.26 mm wide with fibre thicknesses averaging 1 p,m. This grey 
to grey-brown spherulite type has a colourless axiolitic rim towards the glass matrix which is 
ca. 20 p,m wide. See Fig. 5.20 on page 79. 
Fig. 10.35 on page 207 summarises the compositional range of all spherulitic growth forms in 
terms of feldspar compositions. The feldspar compositions range from oligoclase, albite, anortho-
clase to sanidine. In Fig. 10.37 on pages 210 and 211 spherulite compositions of individual samples 
are plotted. The different spherulitic growth forms tend to have rather restricted compositions 
which rarely overlap. Fig. 10.49 shows the compositional variety in terms of different growth forms. 
Whereas the dark-brown spherulites, the colourless axiolitic rims, and the yellow spherulite patches 
show a rather restricted feldspar composition, which are also location dependent, the other two 
plotted spherulitic forms occupy a rather wide compositional field, although the different localities 
form restricted subfields. 
Establishment of the feldspar mineralogy by electron microprobe provides a valuable guideline 
for further XRD investigations. XRD analyses were done to test EMP results and study the nature 
of the feldspar phases. Only the larger and prominent spherical forms [types (v) to (vii)] and 
spherulitic forms associated with lithophysae [type (viii)] could be separated under the microscope 
to provide quantities large enough for XRD analysis. Sample NQ-25-1 represents a grey spherulite 
of type (vii), sample NQ-25-2 a group of small middle-brown spherulites of type (v) (both XRD-
scans on page 532), sample NQ-67a to NQ-67d individual large grey spherulites of type (vii) 
(all four XRD-scans an page 538), and sample NQ-36a2 and NQ-36b the rim and inner part of 
a lithophysa, respectively (both XRD-scans on page 534). Virtually all feldspar phases in their 
different ordering states provided in the PDF data base have been tested for all XRD-scans. 
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All analyses, except the four NQ-67 samples, show 
an identical mineral assemblage consisting of tridymite, 
disordered albite, and disordered anorthoclase. The 
feldspar identification was not conclusive, since most 
of the main peaks matched both phases. In the case 
of the two NQ-25 samples (grey and middle-brown 
spherulite), the XRD results extend the feldspar field 
as determined by microprobe analysis (Fig. 10.49) to-
wards albite. In both cases, the XRD-scans show the 
very broad peak characteristic for glass which indicates 
that the spherulites are not completely crystalline but 
incorporated interstitial glass during their growths. 
For the lithophysae no EMP analyses were under-
taken. There is no difference in composition between 
the rim and inner part of the lithophysa as found by 
XRD analysis. However, for the rim of the lithophysa, 
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The grey spherulites of sample NQ-67 differ in their 
composition from the other analysed samples in that 
they are composed of cristobalite and disordered albite. 
Some of the main feldspar peaks also match ordered al-
bite. However, ordered albite is characterised by very 
few peaks, which leave the majority of feldspar peaks 
Figure 10.49: Plot of selected spherulitic com-
positions in the An-Ab-Or ternary system. The 
uppermost plot of dark-brown spherulite compo-
sition outlines the feldspar fields. 
unaccounted for. Disordered albite explains all feldspar peaks and is therefore taken as the com-
posing feldspar phase. 
Silica polymorphs found in spherulites include tridymite (XRD scans on page 532) and cristo-
balite (XRD scans on page 538). Recalculation of EMP analyses of the different spherulitic forms 
(Appendix G.13 on page 513) to feldspar compositions gives a slight silica excess of ca. 10-15% 
which may indicate that silica polymorphs or glass are a minor component of the spherulites. 
In summary, the spherulites show, in the ternary feldspar system, a compositional trend connect-
ing the composition fields of plagioclase phenocrysts and matrix glass (Fig. 10.50). The apparent 
overlap of the spherulite and glass matrix field is due to the plotting of all samples. If each sample 
is considered separately, a good trend from plagioclase phenocrysts to spherulites to glass matrix is 
evident with only slight overlaps in compositional fields. In general, the spherulites become richer 
in potassium from the first to the last-formed spherulite generation which may be explained by a 
changing composition of the melt due to earlier formed spherulites. The same trend is also present 
within some of the larger spherulites (type ii, vi and vii) although to a much smaller degree. Non-
standardised test analyses with the electron microscope indicate a slight potassium increase and 
sodium decrease from the core to the rim of analysed spherulites (such as sample NQ-25, Fig. 5.7 
on page 69). 
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Applying the spherulite growth theory 
to the spherulites at Ngongotaha Dome, 
as outlined in Section 5.5.3 on page 73, 
feldspars form the HT-crystal phase which 
crystallised first as radiating fibres while sil-
ica polymorphs are the LT-crystal phases 
('impurity layer') crystallising in the re-
maining space between feldspar fibres. 
Glass may also occur in the remaining space 
not taken by silica polymorphs, and its 
presence indicates an incomplete crystalli-
sation of the space available due to 'freez-
An 
ing' of the not-yet crystallised melt. The 
presence of glass within spherulites sug- Ab 
gests spherulite formation above the glass-
Or 
transition temperature. In addition, devit-
rification is not supported since no devitri-
fication fronts are present in thin sections. 
To estimate growth rates of spherulites, 
Figure 10.50: $pherulite form a compositional trend between 
plagioclase phenocrysts and glass matrix (both shaded). The 
apparent overlap of the spherulite and glass matrix fields is a 
result of the plotting all analysed samples. 
the knowledge of the temperature at which spherulites nucleate and crystallise is essential. As dis-
cussed above, the presence of glass within spherulites indicates a formation temperature above the 
glass-transition temperature. Although the majority of microlites runs right through spherulites 
(case one) and defines a flow layering, rare occasions have been observed in which microlite rods 
clearly wrap around spherulites (case two) in the same manner as they are wrapped around phe-
nocrysts. In the first case, spherulites formed after the formation and alignment of microlites 
and after ceased lava movement, at least locally. This relationship does not indicate whether 
spherulite formation commenced above or below glass transition. In case two, spherulite formation 
started during lava flowage and before or simultaneously with micro lite formation so that microlites 
were wrapped around spherulites. In this case, spherulite formation commenced above the glass-
transition temperature. No spherulitic growth was observed that nucleated at fractures or perlitic 
cracks, which postdate the glass transition, and which would therefore suggest a devitrification. It 
is therefore observed that most spherulite growth commenced at or just above the glass-transition 
temperature, Tg , while some spherulitic growth extended towards temperature regions just below 
Tg. Growth rates for spherulitic growth are highest at a temperature close to Tg . For further mod-
elling, the temperature at which spherulites grow is taken to be the glass-transition temperature 
which is in line with observations by RYAN & SAMMIS (1981), LEJEUNE & RICHET (1995) and 
STEVENSON et ai. (1996, 1997). Test calculations of spherulite growth rates at temperatures of 
Tg ± 20°C have shown that these small temperature differences have little influence on the results. 
A glass-transition temperature of 711°C (see Section 10.4.7 on page 236), measured fibre thick-
nesses, and aT-dependent diffusion rate, form the basis of estimation of growth rates of the different 
spherulite generations. Diffusion is controlled by the slowest moving element or molecule, which 
in the case of spherulites is silica. Therefore, the diffusion rate of Si02 at Tg = 711°C is used to 
estimate spherulite growth rates according to Eq. 5.2. Published studies suggest various diffusion 
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rates for Si02 (see footnote 8 on page 34) and the lowest and highest reported values have been 
used (Table 10.2). For low water contents the diffusion rate of Si02 will be closer to 10-10 cm s-l 
(CHEKHMIR & EPEL'BAUM, 1991) and the growth rate estimates for that diffusion rate are likely 
to reflect conditions at Ngongotaha Dome. 
Table 10.2: Morphological data of spherulites of different generations and estimated growth rates and overall 
growth times using two different diffusion rates for Si02 [DSi02 in cm S-l]. 
spherulite spherulite fibre growth rate overall 
type diameter diameter [em S-l] growth time 
[/Lm] [/Lm] 1.10-10 1.10-12 1.10-10 1.10-12 
white min 20 0.1 1.00.10-3 1.00.10-5 2.00 sec 3.33 min 
max 40 0.-\ 1.00.10-3 1.00.10-5 4.00 sec 6.67 min 
d'brown max 3200 0:\ 1.00.10-3 1.00.10-5 5.33 min 8.89 hours 
white rim min 10 0.66 1.52.10-5 1.52.10-7 1.10 min 1.83 hours 
max 20 O. 66 1.52.10-5 1.52.10-7 2.20 min 3.67 hours 
yellow average 50 0.001 1.00.10-3 1.00.10-5 5.00 sec 8.33 min 
m'brown (i) average 300 0.001 1.00.10-3 1.00.10-5 30.00 sec 50.00 min 
m'brown (ii) min 200 0.5 2.00.10-6 2.00.10-8 2.78 hours 11.57 days 
max 400 1.6 6.25.10-7 6.25.10-9 17.78 hours 74.07 days 
grey case 1 850 3 3.33.10-7 3.33.10-9 2.95 days 295.14 days 
case 2 1100 4 2.50.10-7 2.50.10-9 5.09 days 16.97 month 
case 3 1900 20 5.00.10-8 5.00.10-10 43.98 days 12.05 years 
lithophysae average 2260 1 1.00.10-6 1.00.10-8 2.62 days 261.57 days 
The estimated growth rates for spherulitic growth are very fast and range between 5.10-8-10-3 
cm s-l for DSi02 = 10-10 cm s-l. This translates to overall growth times of between a few seconds 
and ca. 44 days. These fast spherulite growth rates contrast with the long time period during 
cooling before spherulite formation commences ('nucleation lag' time). As discussed in Section 
10.6.3 on page 244, the 'nucleation lag' time amounts to ca. 3 years for spherulites in the U.OBS 
and L.OBS and ca. 15 years for spherulites in the CRHY. These times compare well with reported 
spherulite 'nucleation lag' times of 14 years at Obsidian Dome (MANLEY, 1992), 1-3 years in the 
U.OBS, and 3-30 years in the RHY centres at rhyolite flows in the Okataina Volcanic Centre, TVZ 
(STEVENSON et al., 1994b). 
10.4.5 Lithophysae and 'lip-' structures 
Formation of lithophysae 
Lithophysae at Ngongotaha are concentrated in the central part of the dome (exposed in the 3rd 
level of the quarry) within the CRHY (see Fig. 10.8 on pages 180-181). Minor lithophysae are 
observed in the lower parts of the dome as well, although very infrequent and without a systematic 
distribution pattern. The mode of occurrence of lithophysae in the CRHY is discussed in Section 
10.2.1 on page 178. A general description of lithophysae and various theories for their formation 
are given in Section 5.6 starting on page 80. In this section, I describe the probable process of 
formation of the lithophysae at Ngongotaha. 
In almost alllithophysae at Ngongotaha, cavity walls are lined to a minor degree with various 
minerals which are discussed in the next section. No lithophysae has been observed through which 
obvious fractures run or at which fractures terminate and which could have been acted as pathways 
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for hydrothermal vapoursjfluids providing the ingredients for the mineralisations after the litho-
physae formation. Therefore, any theory of lithophysae formation should also take into account the 
way hydrothermal vapoursjfluids could form minerals in the lithophysae. 
As discussed in Section 5.6 on page 80, growth of lithophysae involves the interaction of hydro-
static tension due to melt cooling and the presence of a vapour phase at more or less evenly spaced 
sites in the melt. The vapour phase is provided by ex solution from the melt and by crystallisation 
of anhydrous minerals, particularly those constituting the spherulites. Although rhyolitic magma 
loses most of its water during isothermal decompression upon extrusion, the remaining 0.1 wt-% 
water can account for the abundance of opening structures such as lithophysae, 'lip'-structures and 
spherulites with voids in their centres. WESTRICH et al. (1988) suggested that crystallisation in the 
dome interior liberates ca. 50% of the remaining water. Ideally, assuming that no water-bearing 
mineral phase is formed, for every cubic metre of crystallising melt ca. 4400 cm3 liquid water could 
be released as vapour (FINK & MANLEY, 1987). Hydrothermal vapoursjfluids accompany active 
eruptions, and are still supplied even years after the eruption stopped. During the eruption they 
may partially become dissolved in the lava and later exsolved again, or they migrate upwards along 
active flow planes and are available for diffusional processes in the vicinity of active flow planes. 
Observations on lithophysae reveal that spherulite fibres which crystallise along the individual 
shells of the lithophysae are not displaced or fractured, and this suggests that the lithophysae growth 
is a continuous and step-like process; continuous in the sense that gases are continually released to 
form the lithophysa chambers, and step-like in the sense that one shell has to be completely estab-
lished before the next is able to form. Formation of cavities in a lava due to vesiculation is possible 
only at temperatures above the 'softening point' (glass-transition temperature). Crystallisation 
of spherulite fibres associated with lithophysae provides one means of vapour phase release, and 
occurs at the same high temperature above Tg-another piece of evidence for the primary origin of 
spherulite growth directly from the melt. Fig. 10.51 summarises schematically the growth mode of 
lithophysae and 'lip'-structures as suggested here. At more or less evenly spaced sites in the melt, 
tiny vesicles form due to gas exsolution between active flow planes (A)l1. These vesicles form the 
centres of the lithophysae to be grown. Local differences in water content and slight differences in 
diffusion rates, due to localised temperature differences, may account for vesicles of different sizes. 
The vesicle shape is round due to the gas pressure within the vesicles acting equally in all directions. 
In close proximity to the active flow plane, vesicles may be slightly elongated as the result of shear-
ing. Vesicle walls act then as surfaces at which spherulite fibres nucleate and grow and while doing 
so further gas is released which accumulates at the crystallisation front (B). Spherulite half-spheres 
may nucleate and grow on the flow planes. Such structures have been frequently observed, with or 
without chambers (see Fig. 5.22 on page 79). Continued exsolution of gas from the melt provides 
additional vapour phases. If enough free vapour has been accumulated at the growing spherulite 
'front' to essentially separate the crystallisation front from the melt a shell is formed which consti-
tutes the first chamber of a growing lithophysa. This newly formed chamber forms another surface 
at which spherulite fibres nucleate and grow, thereby releasing more vapour. By repeating this 
process, large lithophysae are formed, composed of a number of chambers separated by shells of 
spherulite fibres (C). The final size of a lithophysa, as well as the thickness of the chambers and 
llHEIKEN & WOHLETZ (1987) described a similar process as 'slow' exsolution in silicic dome lavas which leads to 
a metastable mechanical behaviour of dome lavas. 
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Figure 10.51: Schematic representation of the formation of lithophysae (A-C) and 'Iip'-structure (D). See text 
for discussion. 
shells, is determined by the amount of vapour and the speed at which it is released, as well as by 
the growth rate of the spherulite. A further limiting factor is the space available for a lithophysa 
to grow. As indicated in Fig. 10.51, flow layering will be deflected around the first-formed vesicles, 
but otherwise its parallel orientation is largely preserved within the growing lithophysae. 
The formation of 'lip'-structures differs from that of lithophysae in that it is not a step-like 
process resulting in numerous chambers. Growth of 'lip'-structures requires a continuous supply 
of vapour phases to allow inflation but also a force which provides an opening along a preferred 
direction. Fig. 1O.51D summarises in a schematic way the formation process. Nucleation of 
vesicles and initial growth is identical to that for the formation of lithophysae. However, at a 
very early stage of growth, small fractures appear at the vesicle walls which may be induced, for 
instance, by high shear rates. High enough shear rates may result in fracture formation in ductile 
materials at high viscosities. A contributing factor to this directional fracturing and later opening 
of the vesicle is seen in the hydrostatic tension due to magma cooling. Inflation of the vesicle 
by gas exsolution and by directional tensional forces (c) will finally result in a roughly rhombus-
like opening structure (d). The inner walls ofthe structure are characterised by small ridges which 
outline the opening progress, and occasional interruptions of these ridges mark temporary periods of 
non-growth (periods in which sufficient stress and gas pressure builds up to allow further inflation). 
Finally, spherulite fibres nucleate and grow at the vesicle wall (d). 
Hydrothermal vapoursjfluids may migrate along active flow planes and may diffuse into the melt. 
Compositional difference between the hydrothermal vapoursjfluids and the melt establish a diffu-
sional gradient due to which elements provided by hydrothermal vapoursjfluids will diffuse further 
into the melt and also into the growing lithophysae and 'lip'-structures. Different physico-chemical 
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conditions (e.g., T, pH, 102' PH20) in the opening structures trigger the nucleation and crystallisa-
tion of mineral phases as determined by the composition of the hydrothermal vapours/fluids. Since 
different mineral assemblages occur in the opening structures the hydrothermal vapours/fluids were 
not of a uniform composition but varied in time and space. The small number of minerals lining 
lithophysae chambers and 'lip'-structures indicates either that growth of the opening structures was 
relatively fast, but still limited by diffusion rates of the gas phases, or the volume of hydrothermal 
vapours/fluids was relatively small, or both. 
Mineralisation and stability ranges of minerals 
Lithophysae, 'lip-' structures and vugs tend to be lined, to a various degree, by complex mineral as-
semblages. Minerals forming these assemblages at Ngongotaha Dome include tridymite, quartz, Na-
anorthoclase, fayalite, osumilite, mullite, titanite, edenite, ferri-edenite, ferri-katophorite, augite, 
phlogopite, pseudobrookite and hematite (GRAPES et al., 1994). Table 10.3 gives representative 
chemical compositions of the main minerals. I have observed all these minerals except for osum-
ilite, mullite, augite and pseudobrookite in the Ngongotaha Dome. Mineral samples were analysed 
mainly by means of XRD (results are listed in Appendix I); silica polymorphs and fayalite were 
analysed by EMP (results ;;t~ lis-ted in Appendix G on pages 504 and 505). 
In the following account, a brief description of the minerals is given and their stability ranges are 
investigated in order to establish the nature of the hydrothermal vapours/fluids. Minerals marked 
with a star (*) were not found in the course of this thesis but their stability ranges are included 
here. For crystallographic descriptions of the minerals see GRAPES et al. (1994) and HOWARD et 
al. (1995). 
Silica polymorphs 
The most abundant silica polymorph is tridymite which occurs as very thin six-sided plates. The 
widespread character of tridymite is underlined by its ubiquitous presence in almost all XRD scans 
(e.g., XRD scan on page 533). Tridymite is mainly associated with fayalite, magnetite, and titanite 
and to a lesser degree with all other minerals. 
Cristobalite has been identified in small irregularly shaped vugs (XRD results on page 540). 
a-Quartz is less abundant and occurs as overgrowths on tridymite as well as prominent prisms 
with pseudopyramidal terminations in small vugs (XRD result on page 540). 
Tridymite and cristobalite have relatively open crystal structures, compared with quartz, allow-
ing the replacement of Si4+ by AI3+ together with the introduction of alkali or alkali earth ions 
to balance the charge deficiency (DEER et al., 1992). EMP analyses on silica polymorphs from 
Ngongotaha show (cf. page 504) that up to 0.85 wt-% aluminium (and up to 0.07 wt-% titanium) 
is charge-balanced by up to 0.36 wt- % sodium and 0.16 wt-% potassium (and probably by iron 
which is present up to 0.11 wt-%). These slight variations in chemical composition may also be 
responsible for the fact that different tridymite-powder diffraction files (PDF) matched tridymites 
from different opening structures. The inversion ,B-quartz-tridymite occurs at 867±3°C under 
atmospheric pressures and at ca. 1047°C at 1000 bar. Tridymite is stable up to 1470°C under 
atmospheric pressure, which temperature marks its inversion to cristobalite. As DEER et al. (1992) 
pointed out, the ideal crystallisation temperatures of these polymorphs are not necessarily the same 
as the actual temperature of their formation. Examples from Mt. Pelee, for instance, showed that 
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Table 10.3: Representative electron microprobe analyses of the minerals lining lithophysae, 'Iip-' structures and 
vugs. Mineral formulae listed below the Table include all minerals found in the opening structures (as given in 
GRAPES et al., 1994), although not all mineral analyses are given in the table. 
Oxide faya hemb auga edb f'edb f'kat b osua phla tib mulb 
Si02 31.92 0.16 52.21 50.16 46.80 46.89 60.35 43.09 29.56 26.76 
Ti02 6.22 0.39 0.27 1.07 0.24 2.45 29.17 
A120 3 2.63 1.60 5.33 5.60 0.53 24.40 15.07 2.18 68.68 
FeOt 58.54 91.07 6.87 4.89 19.96 29.77 2.82 3.38 5.51 
MnO 3.53 0.81 1.67 1.06 3.69 2.96 0.35 0.65 
MgO 5.64 0.42 14.49 19.99 11.09 0.47 5.31 20.23 0.43 0.33 
CaO 0.22 0.29 22.47 10.83 9.81 7.20 25.89 
Na2 0 1.81 3.01 2.94 8.87 0.46 0.72 
K20 0.97 0.92 3.33 9.85 
NiO 0.10 
Cl 0.04 0.17 
Total 99.95 100.79 100.65 97.12 98.65 97.66 99.64 95.38 93.39 95.77 
a Analysis taken from GRAPES et al. (1993) 
b Analysis taken from HOWARD et al. (1995) 
aug: (N aO.130CaO.893Mgo.80lFeo.2l3Mno.025 Tio.Oll Alo.oo7 h::=2.080 [(Si1.937 Alo.063 h::=2.00 0 6] 
ed: KO.147 N aO.671 Ca1.522 (Mg4. 707 FeO.255M nO.l07Tio.060 )I;=5.l29 [Sh.428Alo.678 0 22] 
(OH,Clo.016Fh 
fay: (Fe1.573Mno.096Mgo.270Nio.003 CaO.008 )I;=1.950 [Sh.025 0 4] 
f'ed: (KO.176 N aO.855 Ca1.577 )I;=2.608 (Mg2.475Fe2.504Mno.135 Tio.12l )I;=5.239 lSi 7.D2oAlo.990022] 
(OH,Clo.043Fh 
f'kat: Na2.823Cal.266 (MgO.1l5Fe4.087Mno.5l3 Tio.030 )I;=4.745 [Si7.697 Alo.103 0 22] (OH, Cl,Fh 
hem: (Fe1.746CaO.008Mgo.016Alo.079 Tio.1l9 )I;=l.96803 
osu: (Ko. 711 N aO.149) (Mgl.325Feo.396Mno.420A12.9l8 )I;=5.059 [(SilO.103Al1.897) I;=12.000 0 30] 
phI: Kl.763Nao.196 (Mg4.225Feo.396Mno.042 T io.258Alo.529 )I;=5.l80 [Si6.039 Ah.96l 0 20] 
(OH,Clo.057F)4 
p 'br: (Fel. 713MnO.03l MgO.019Alo.042)I;=l.805 Ti1.158 0 5 
ti: CaO.988Mn0.D20Feo.164Mgo.023 Tio.78l [ Sil.053 0 4] (O,OH,F) 
tridymite formed by pneumatolytic metamorphism, rather than true magmatic crystallisation, and 
both polymorphs form in deep sea cherts at :::::O°C. Both polymorphs commonly occur outside their 
respective stability fields, and their lack of purity may be partly responsible. 
Fayalite 
This is the most common ferro-magnesian mineral present, and grows on tridymite. Crystals 
are up to 4 mm in size and commonly equant. In general, fayalite is altered to a large degree 
(oxidised), being opaque rather than clear brown, and it often exhibits a considerable iridescence. 
In some instances, numerous parallel grooves of uniform thickness are present on crystal surfaces 
perpendicular to the c-axis. XRD results of fayalite scans are given on pages 535 and 543. EMP 
analyses (Appendix G.7 on page 505) confirm the fayalitic composition with an average Fa88.62 (and 
an average Mg# of 11.38). 
Amphiboles 
Only brown to black amphibole needles have been found during the field seasons, the appearance of 
which indicate them to be ferri-edenite. However, XRD analyses was not entirely conclusive since 
the peaks in the diffraction pattern show almost identical matches for edenite and tremolite. As 
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the XRD scan shows (on page 536) the peaks for edenite and tremolite are very similar, whereby 
all main peaks are explained by both minerals. Very few peaks are for edenite only, whereas few 
peaks between 20 and 25 and most peaks over 45° 28 are explained by tremolite. 
Experimental studies by NA et al. (1986) showed that edenitic amphibole is stable only over 
a very limited temperature range in silica-undersaturated environments. In the system edenite + 
excess water, edenite is stable up to 850±5°C at 500 kbar and up to 880±5°C at 1000 kbar and 
reacts to form diopside + Na-phlogopite + forsterite + liquid. Formation of Na-phlogopite is 
not favoured under high aSi02' In the system edenite + excess quartz + excess water nearly pure 
tremolite and albite is stable in the temperature range from 670-830° C at 100 bar. Below 670° C 
metastable diopside + talc + albite is formed. In these experiments minor metastable edenite-rich 
amphibole breaks down with time in the presence of free Si02. 
Hematite 
Hematite forms prominent black hexagonal plates which are often scattered on tridymite, but it 
also occasionally forms rosettes and may line large areas in a single lithophysae. Hematite is not 
altered, and shows a characteristic lustre. In general, hematite is associated with phlogopite, and 
less commonly with titanite, augite, pseudobrookite, mullite, and osumilite. An interesting feature 
is the occasional association with titanite, in which hematite occurs as very thin plates with a 
circular hole in it, in the middle of which sits titanite. Rarely, pseudobrookite has been found 
wrapped by half-circular hematite (THORNTON, pers. common.). 
Hematite was identified in numerous samples (XRD scans on pages 535, 536, 537 and 541). 
Matches with PDF data are with different hematites which possibly indicates slight variations in 
chemical composition and hence crystal structure. 
Phlogopite 
Very thin six-sided plates of phlogopite stand on end and are colourless. But, commonly, the centres 
of the plates are stained by iron and show an orange tint. Not uncommon is the incorporation of 
tiny hematite flakes within the phlogopite. It is also typically associated with hematite. 
YODER & EUGSTER (1954) experimentally showed that the upper stability limit of phlogopite 
is ca. 800° at low pressures. An identical mineral association to that found at Ngongotaha Dome 
(osu+hem+phl) was reported by OLSEN & BUNCH (1970). However, in their case, phlogopite is 
thought to be a partial break-down product of osumilite, and hematite occurs as a pseudomorph 
after phlogopite, the reason for this being leaching by escaping volcanic gases. 
A few tiny phlogopites were analysed by XRD (scan result on page 542), and phlogopite-1M 
gave the best match. 
Pseudobrookite* 
Pseudobrookite is associated with hematite and titanite; and occasionally it grows on hematite. 
Investigations by HAGGERTY & LINDSLEY (1970) showed that pure pseudobrookite breaks down 
to Fe203+Ti02 at 585±1O°C and iron-rich pseudobrookites break down in the temperature range 
700-800° C (both temperatures as lower stability limits). Pseudobrookite, and other members of the 
pseudobrookite solid solution series, may also form by oxidation of titano-magnetite and ilmenite 
at temperatures between 600-800°C-conditions which are given during the initial cooling of lava 
flows. 
The mineral assemblage hematite+pseudobrookite in cavities was also reported by LUFKIN 
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(1976) and PARODI et at. (1989). The latter authors pointed out that this close association of 
pseudobrookite and hematite (plus osumilite) indicates an oxygen fugacity value higher than 10-14 
atm at 600°C (above the magnetite-hematite buffer). 
Osumilite* 
Osumilite from the Ngongotaha Dome occurs as individual crystals or as crystal groups, associated 
with hematite, mullite, and phlogopite (GRAPES et at., 1994). Osumilite is discussed in detail, since 
in recent years the understanding of the formation conditions of that mineral has grown considerably 
and osumilite is regarded as one of the key minerals to infer formation conditions of mineralisations 
in opening structures of volcanics (e.g., WOOD, 1994). 
EULER & HELLNER (1958) synthesized osumilite in a hydrothermal pressure vessel at PHzo=l 
kbar in the temperature range from 700-750°C; without stating whether this osumilite phase was 
stable, or not. A metastable potassium-free osumilite was produced by devitrification of glass at one 
atmosphere and 1,000-1,250°C by SCHREYER & SCHAIRER (1962). Further studies by SCHREYER 
& SEIFERT (1967) in the dry and hydrothermal system K20-MgO-Ab03-Si02(-H20) showed that 
osumilite is metastable at PHzo=l kbar and T=500-900°C. With increasing temperature the three 
most important stable mineral assemblages of osumilite bulk composition are: (i) musc+ame+qu, 
(ii) musc+eas+cor+qu, and (iii) cor+alk-fsp+qu. SCHREYER & SEIFERT (1967) concluded that 
natural osumilites form metastably during the relatively short periods of cooling and crystallisation 
of volcanic rocks. 
Experiments in the pressure range 3.8-7.2 
kbar (PH20«Ptotal) at 1,000-1,lOO°C showed that 
osumilite coexists with cordierite, hypersthene, 
feldspar, and liquid (HENSEN, 1977), thus dupli-
cating the mineral assemblage found in a gran-
ulite (BERG & WHEELER, 1976). OLESCH & 
SEIFERT (1981) found a stability of synthetic K-
Mg-bearing osumilite in the temperature range 
of 700-950°C at PH20 <0.8 kbar (PH20 =Ptotal) 
in the presence of excess vapour (Fig. 10.52), 
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and thus confirming the metastability of osum- Figure 10.52: Stability range of osumilite (after 
ilite found by SCHREYER & SEIFERT (1967) at OLESCH & SEIFERT, 1981) 
water pressures of or above 1 kbar. Their studies 
showed that the stability of osumilite strongly depends on the water activity. To stabilise osum-
ilite at high pressures, near-dry conditions are necessary. This relation was recently confirmed in 
high temperature and high pressure experiments by AUDIBERT et at. (1995) and CARRINGTON & 
HARLEY (1995). The stability dependency of osumilite on water fugacity makes it an indicator 
mineral for 'dry' conditions at pressures above ca. 1 kbar (OLESCH & SEIFERT, 1981). 
SCHREYER et at. (1983) found that ferro-osumilite and Fe-rich magnesio-osumilites are formed 
under surface-near conditions, and that the entire Mg-Fe-osumilite group is stable at low pres-
sures (:::;1-2 kbar; providing low PH20). With increasing pressure, ferro-osumilites become instable. 
Therefore, the p-T -stability field of magnesio-osumilites is much larger than that of the ferro-
osumilites~a relationship very similar to the structural similar Mg-Fe-cordierites. SCHREYER et 
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al. (1983) found also a relationship between the alkali content of ferro-osumilites and oxygen fugac-
ity: ferro-osumilites with a high alkali content are formed under low 102 , whereas those with a low 
alkali content are formed under high 10 2' The latter finding was confirmed by KOGA (1981) who 
suggested a osumilite formation at 9200 e, a total pressure of 5 kbar and a log 10 2 = -10.2, as well 
as by eRINNER & DIXON (1973) who suggested oxidising conditions near to the magnetite-hematite 
buffer. 
Summary of growth conditions of mineralisations 
The minerals identified in opening structures in the dome interior of Ngongotaha form a number of 
different mineral assemblages. In Table 10.4 the identified mineral assemblages from Ngongotaha 
are listed. This table represents a summary of my own findings and those of mineral collectors (J. 
THORNTON and A. BAINES, both pers. comm.) as well as published accounts (GRAPES et al., 1993, 
1994; HOWARD et al., 1995). The number of identified mineral assemblages has to be treated as a 
minimum since no systematic and ongoing sampling has been carried out. As the most widespread 
mineral, tridymite often occurs on its own or in association with any of the other minerals. It is 
likely that additional mineral assemblages do occur at Ngongotaha. 
Table 10.4: Mineral assemblages found in the opening structures of Ngongotaha Dome. 
Mineral assemblage 
tri + fa + qu 
tri + f'kat 
tri + f'kat + hem + ti 
tri + fa + f'ed 
tri + fay + qu + mt + ti 
Mineral assemblage 
ed + hem (+ ti) 
tri + f'ed + fa 
tri + hem + phI + mul + osu 
hem + ti + aug 
p'br + hem + ti 
In summary, the mineralisation is a product of high-temperature and low-pressure vapourjfluid-
phases. The stability range of identified minerals and mineral associations suggests a temperature 
range of the hydrothermal vapoursjfluids close to the magmatic temperature at the time of em-
placement (ca. 815°e). A mineralisation temperature in the range of 700-8300 e as indicated by 
some of the minerals is also in line with the suggested formation mode of the crystals found in 
opening structures (Section 10.4.5 on page 227). The various mineral assemblages suggest that 
the hydrothermal vapour jfluid phases were not homogenous in terms of composition and physico-
chemical conditions. Pure Fe3+ -minerals such as hematite and pseudobrookite indicate high oxygen 
fugacities above the hematite-magnetite buffer. The association tridymite-fayalite-quartz suggests 
a formation at the MQF buffer which is some orders of magnitude below the hematite-magnetite 
buffer at the same temperature. Osumilite also forms under conditions of a relatively low oxygen 
fugacity. In general, high oxygen fugacities are coupled with lower temperatures while lower oxygen 
fugacities indicate higher temperatures. Mineral associations including hematite indicate a lower 
formation temperature whereas mineral associations with fayalite and osumilite suggest a higher 
formation temperature. 
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10.4.6 Xenoliths 
Two types of rare xenoliths have been identified in the rhyolite at Ngongotaha. The more common 
xenolith type is almost completely feldspathic , whereas the second type also includes pyroxene and 
magnetite. 
The feldspathic xenoliths are very small «1 mm in diameter) and their shapes range from 
subangular to subrounded and more or less equant to irregular in outline. They are composed 
of >95% plagioclase and minor Fe-Ti oxides. In general, the plagioclases in the central part of 
the xenoliths are very small and uniform in size (",,30-50 J.Lm in length). They form a mosaic of 
euhedral to subhedral, stout tabular and equant crystals with nor twinning or zoning and frequent 
triple-junction grain intersections, pointing to recrystallisation. The small plagioclases show no 
twinning or zoning pattern. The Fe-Ti oxides are subhedral and usually four-sided in outline, but 
may also be anhedral. No interstitial glass is present in any of the feldspathic xenoliths. 
No reaction with the enclosing magma is evident, which suggests that the xenoliths are III 
chemical equilibrium with the host melt. The xenolith margins ·are frequently lined with larger 
plagioclases (up to 0.4 mm long) which protrude into the host groundmass and are very similar 
in appearance to the phenocrystic plagioclases of the rhyolite. Some of these plagioclases are 
slightly zoned and also show a good twinning. There is no evidence of recrystallisation. The larger 
plagioclases at the xenoliths rims are interpreted to have nucleated and grown on the xenoliths. 
Feldspathic xenoliths of very similar appear-
ance have been described in andesitic lavas of 
the TVZ (e.g., GRAHAM, 1987; HOBDEN, 1997) 
and also in basaltic lavas from Banks Peninsula 
(NEUMAYR, 1998). HOBDEN (1997) explained 
such xenoliths as cognate, hypabyssal crystalli-
sation of melt at the margin of nested narrow 
magma conduits representing essentially plagio-
clase cumulates. Such moderately slow crystalli-
sation should produce xenoliths of a composition 
identical to that of the aphyric lava. GRAHAM 
(1987) suggested the gneissic Torlesse basement 
as a possible source whereby the xenoliths under-
went a metamorphism equivalent to the pyroxene 
Figure 10.53: Plagioclase-orthopyroxene xenolith In 
sample NQ-50. Length of view: 3.5 mm 
hornfels facies . Similarly, NEUMAYR (1998) pointed to the Torlesse basement (greywacke) as a 
source of these feldspathic xenoliths. The scarcity of feldspathic xenoliths in rhyolites at Ngongo-
taha Dome may preclude a cognate origin of these xenoliths as suggested by HOBDEN (1997) . . If such 
feldspathic cumulates crystallised at the walls of nested magma conduits and if they were incorpo-
rated into the ascending magma during continued eruption a higher proportion of such cumulates 
would be expected to be present in the rhyolite. This, however, is not the case. Furthermore, 
the frequent occurrence of triple-junction grain boundaries in the xenoliths at )lgongotaha Dome 
indicate a recrystallisation rather than crystallisation from a melt. The more likely explanation 
of the feldspathic xenoliths in the rhyolite at Ngongotaha Dome are fragments of earlier volcanics 
incorporated into the magma at a time close to the eruption. The time was long enough for the 
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earlier volcanics to completely react and reach equilibrium with the magma and to nucleate and 
grow plagioclases at the xenoliths rims. 
The second xenolith type was found in only one sample (sample NQ- 50, Fig. 10.53). The 
xenolith is ca. 1.9 mm in diameter and shows no reaction rim with the enclosing melt. It consists 
of ca. 50% plagioclase, 40% orthopyroxene and 10% Fe-Ti oxides. The plagioclases form elongate 
laths and frequently show good twinning. The euhedral to subhedral plagioclase laths are thinner 
within the xenolith than the laths at the rim. Orthopyroxenes are commonly roundish and have an 
opaque alteration rim. Fe-Ti oxides are equant and slightly roundish, but the close proximity to 
the opaque alteration rims of orthopyroxene often conceal the true oxide outlines. No groundmass 
or relict interstitial glass is present within the xenolith. The minerals in the xenolith are the same 
as found as phenocrysts in the rhyolite, although the habit of long plagioclase laths in the xenoliths 
differs from that of plagioclase phenocrysts which is in the rhyolite. The identical mineral content 
of xenolith and host rhyolite suggests a cognate origin of the xenocryst. However, the opaque 
alteration rims around most of the orthopyroxenes indicate a disequilibrium with the host melt. 
The xenolith may therefore represent a cumulative aggregate (or a part of it) which originated in a 
part of the magma chamber not affected by convection or other movements and which accidentally 
was incorporated during the eruption. 
10.4.7 Glass 
In this section the onset of glass formation at Ngongotaha (i.e., the transition from melt-like to 
solid-like behaviour), and the characteristics the glass structure are discussed. 
Theoretical aspects of the melt-
glass transition and ways of mea-
suring the glass-transition tempera-
ture are discussed in Section 3.3 on 
page 31. A widely used analytical 
technique for determining Tg is the 
differential thermal analysis (DTA). 
Obsidian samples from Ngongotaha 
have been prepared according to the 
requirements of the calorimeter and 
were analysed at the Chemical De-
partment, University of Auckland. 
However, the calorimeter used has a 
maximum run temperature of 700°C 
at which no change in the sample 
behaviour had been noticed (Allan 
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Figure 10.54: Comparison of different methods to estimate melt and 
effective viscosities. See text for discussion . 
Easteal, pers. comm.). Therefore, the glass-transition temperature has been estimated using the 
Tg-17 relationship according to which 10g'fJ = 1012 Pa s represents by definition the state of Tg 
(STEVENSON, pers. comm.; see page 32). Melt and effective viscosities have been estimated accord-
ing to four selected methods as outlined in Chapter 4 using the parameters as summarised in Table 
10.5 on page 245. The selected methods for viscosity estimation and the results of viscosity calcu-
lation are given in Fig. 10.54. The methods give viscosity estimates which differ up to two orders 
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of magnitude from each other. Effective viscosities give parallel lines, relative to the appropriate 
melt viscosity, which are shifted by one to two orders of magnitude towards higher viscosities. The 
horizontal line in Fig. 10.54 represents the log viscosity at 1012 Pa s-the viscosity threshold of 
glass transition. The intersections of viscosity lines with this threshold line give the glass-transition 
temperatures for melt and effective viscosities. For melt viscosities, Tg values range from 647 to 
711°C while effective viscosities give a Tg- range of 756-812°C. For a given viscosity estimation 
method, differences in Tg between melt and effective viscosities are in the range of 77- 117°C. Since 
the total phenocryst content of ~gongotaha rhyolites is very low (i.e. , the melt volumetrically dom-
inates) the glass-transition temperature was estimated from the melt viscosity. Of all the selected 
viscosity estimation methods the method by HESS & DINGWELL (1996) has been chosen for further 
discussion since it was specifically set up for calcalkaline rhyolitic melt compositions which most 
closely match the composition of Ngongotaha rhyolites. The resulting rheological glass-transition 
temperature for Ngongotaha rhyolite is 711°C which is used for all calculations involving Tg. 
The structure of rhyolitic glasses in general 
is discussed in Section 3.2 on page 26, and it is 
evident that the analysed natural rhyolites have 
a very similar structure. The X - ray radial dis-
tribution function (RDF) anal~sis as outlined by 
ZOTOV et al. (1989) has been used to determine 
the glass structure of Ngongotaha obsidians. Best 
results are gained by using Me-radiation which 
gives the required high resolution for further RDF 
calculations. However, the diffractometer at the 
Department of Geological Sciences, University of 
Canterbury, operates with Cu- radiation and re-
sulting scans give too poor a resolution for provid-
ing good structural data (ZOTOV, pers. comm.). 
Further XRD analyses have been done at the 
diffractometer in the Chemical Department, Uni-
versity of Canterbury, which uses Mo-radiation 
Figure 10.55: Irregularly shaped and folded schlieren 
of oxidised magnetite crystallites define a slight 
yellowish-brown colour in the hand specimen . Such 
structures have been explained by MANLEY (1995, 
1996) as distorted, stretched and broken Fe-oxide shells 
around vesicles. See text for discussion . Sample: NQ-
39. Length of view: 0.16 mm 
and an area detector. The area scan has been integrated to give the equivalent of a 'traditional' 
line scan but the 28- range, accessible with the area detector, is too small (0 to ",35° as opposed 
to a required scan of up to 100°+ 28) to give structural data with RDF transformations. In order 
to describe the glass structure at Ngongotaha, further analyses with an X-ray diffractometer using 
Mo- radiation are necessary. A detailed structural description can give answers, for instance, about 
the abundance of crystallites and possibly nuclei- a scale range not accessible with the traditional 
petrographical microscope. Another way to describe the structure of a melt and hence resulting 
glass is with the NBOjT ratio (see below). 
At Ngongotaha Dome, the glass is commonly black in hand specimen, but yellowish-brown, 
reddish-brown, and greenish variat ions do occur. Black obsidian is most abundant. and its colour is 
attributed to non-oxidised microlites and crystallites of Fe- Ti oxides such as magnetite and ilmenite. 
Coloration of the brownish glass varieties is due to high amounts of oxidised Fe-oxide crystallites 
(Fig. 10.55 and Fig. 10.15 on page 186). The macroscopically brown glass depicted ill Fig. 
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Figure 10.56: Tiny opaquish or reddish-brown oxidised blebs of probably hematite form oxide shells around large 
(a) and tiny vesicles (b) . In Figure (b) a structure very similar to en echelon crack arrays is present. For both 
figures : Sample NQ-25, Scale: 50 IJm 
10.15 occurs only in late-stage obsidian squeeze-ups and the presence of alternating colourless and 
yellowish-brown glass layers as seen under the microscope is explained by differential oxidations of 
strongly sheared lava. The nature of the yellowish-brown glass, as shown in Fig. 10.55, is discussed 
below. Greenish coloured glass occurs in the upper dome parts and forms the margins to some 
late-stage black obsidian squeeze-ups which become increasingly pumiceous towards the margins. 
The green coloration can therefore be attributed to the presence of abundant tiny vesicles. The 
vesicular greenish glass grades into the whitish-grey pumiceous material of the FVP and CB. 
As mentioned above, the glass structure can be described with the NBO/T ratio (see Section 
3.1.2 on page 22). For 18 sample points (representing four samples) the NBO/T ratio has been 
calculated using the method by MYSEN (1987, 1988) and all results are listed in Appendix E on page 
528. Using MYSEN'S method allows a direct comparison to be made with his database. Calculated 
NBO/T ratios range from 0.043 (sample NQ- 25) to 0.087 (sample NQ- 33) with an average of 0.060 
(s.d. 0.013). MYSEN (1988) calculated a NBO/T range for rhyolites from 0- 0.14 with an average 
of 0.031 ± 0.052. The NBO/T ratios of Ngongotaha glasses lie well within the average given by 
MYSEN (1988). Although the glass samples were taken from different dome parts covering bottom 
to top exposure, no systematic variation of NBO /T ratios is apparent. This random variation of 
NBO /T ratios is the result of a non-systematic variation of chemical compositions within the dome 
(see Section 10.3 on page 202). NBO/T ratios calculated from different analysed spots within one 
thin section show little variation. The variation of NBO /T ratios from one sample to another is 
therefore due to slight differences in chemical compositions. Variations in chemical composition 
may locally arise from microstructures two examples of which are depicted in figs. 10.56a and b. 
Frequently tiny opaque blebs, apparently fresh as well as oxidised, are present at the walls of tiny 
vesicles (Fig. 1O.56a and b) and at crystal surfaces of microphenocrysts and microlites (Fig. 10.46 
on page 216) . Fig. 10.56b also shows a feature which closely resembles en echelon crack arrays as 
described at a macroscopic scale in Section 6.4 on page 97. 
MANLEY (1995, 1996) discussed welded tuff-like textures in the carapace of rhyolite flows in-
volving iron-oxide shells similar to those seen in Fig. 1O.56b. These textures consist of brownish to 
light reddish discontinuous, sub-parallel linear sheets or schlieren within the glass matrix very sim-
ilar in appearance to those depicted in Fig. 10.55. High magnification reveals that these sheet-like 
structures are composed of very tiny particles so close together that they give the impression of a 
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sheets (compare with Fig. 10.56a). 
MANLEY (1995, 1996) in-
terpreted the iron-oxide sheets 
as distorted remains of shells 
of iron-oxide grains formed 
concentrically around vesicles 
which have now collapsed, an-
nealed and effectively been re-
moved. Fig. 10.57 schemati-
cally depicts the formation se-
quence of the ignimbrite-like 
textures. The presence of 
these schlieren or sheets re-
veals, therefore, formation in a 
near surface environment such 
as a flow/dome carapace. Such 
tuff-like textures were found in 
the upper second (sample NQ-
25) and in the lower fourth 
level (sample NQ-35) of the 
Henderson's quarry. Compar-
ing these locations with the in-
ferred positions of dome lobes 
(figs. 10.27 and 10.28 on pages 
196 and 197, respectively) it is 
evident that they are close to 
the margins of the dome lobes 
t 
Figure 10.57: Schematic representation of the formation of welded tuff-
like textures as suggested by MANLEY (1995, 1996). Initial formation of 
vesicles due to decompression near the flow surface or along fractures (i) 
changes the chemical environment (e.g., 102 ) around the vesicle. The more 
oxidising conditions and diffusion of iron towards the vesicle results in the 
formation of well-defined shells of iron oxide crystallites (micron to sub-
micron range) around the vesicle leaving a thin vesicle wall (ii). Vesicle 
collapse and annealing due to increased external pressure leaves a thin veneer 
of iron oxide (iii). Any exsolved water vapour still present in the collapsed 
vesicle diffuses back into the surrounding melt. Shear deformation due to 
lava movement results in a clean separation of the outer iron shell along 
a straight line. The more ductile inner vesicle wall underwent boudinage 
before separating. The iron shell sheet becomes subsequently distorted and 
broken due to continued lava movement (iv). 
which provide the right conditions of formation for such textures, as suggested by MANLEY (1995, 
1996). These textures may therefore be used as further evidence for the presence of two or three 
dome lobes within the exposed quarry area. 
10.5 Alteration products 
The exposed dome area has been investigated for alteration features and alteration products. Macro-
scopic features used to identify alterations include bleaching, strong (dis ) coloration, disintegration 
and mineralisation other than that found in the opening structures (i.e., lithophysae, 'lip'-structures 
and open spherUlites). However, only few instances of alteration have been found which show a 
strong coloration, different from that of the unaltered host lithologies. 
Only the main occurrence of alteration is discussed here. This location is situated in the first 
level and is related to the extensional structure depicted in Fig. 10.30 on page 198. At the left side 
of the structure, along the step-like displacement is a strong colour zonation of loose, fine material. 
The approximate thickness and colour of each zone is identified in Fig. 10.30. In general, the 
transition between the zones is sharp without any change in the character of the material involved. 
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Investigations of the alteration material under the binocular microscope showed no visible crystals 
(or crystal/cleavage faces). 
Three samples of altered material have been analysed by XRD: NQ-45a (dark red-brown), 
NQ-63a (pale red-brown) and NQ-65a (grey); sample locations are given in Fig. 10.30. Labelled 
diffraction patterns are given in Appendix I on pages 536 and 537. All samples consist of tridymite, 
hematite and feldspar. For sample NQ-45a the closest match of the feldspar was for sanidine, while 
for the other two samples (NQ-63a and NQ-65a) the best match was for disordered albite. In the 
diffraction patterns, peaks for tridymite and feldspars are very pronounced whereas hematite peaks 
are small. Relative peak intensities for hematite differ from sample to sample indicating slightly 
different hematite contents in the samples which may be responsible for the different coloration. 
The three mineral phases account for 98% of all peaks in the diffraction patterns and the remaining 
peaks are too small to positively identify further mineral phases. 
Tridymite, disordered albite, anorthoclase and hematite are found in opening structures but are 
not present as phenocryst phase in the rhyolite. Tridymite and the two feldspar phases also consti-
tute minerals of some spherulite types and of spherulitic growth associated with lithophysae. Possi-
ble origins'for the minerals identified in the altered samples are therefore (i) the same hydrothermal 
vapours/fluids that carried the ingredients for the mineralisation in the opening structures, (ii) a 
high-temperature crystallisation of glass, or (iii) a combination of both. 
Formation of the mineral phases along the extensional structure is closely related to the forma-
tion of this structure itself, which indicates a brittle state of the glass. Small-scale faulting resulted 
in a comminution of the material immediately adjacent to the faults and also provided a pathway 
for ascending hydrothermal vapours/fluids ascent which in turn could have altered the very porous 
material next to the faults. The diffraction pattern of sample NQ-65a shows a distinct very broad 
peak characteristic for glass indicating an incomplete high-temperature recrystallisation of the glass 
to tridymite and disordered albite. The other two alteration samples have no glass peak present in 
their diffraction patterns pointing to a complete recrystallisation. 
The macroscopically altered samples are interpreted to be comminuted glass (due to faulting) 
which subsequently crystallised at high temperatures. A high-temperature crystallisation was very 
likely accelerated by the presence of hydrothermal vapours/fluids ascending along the faults. The 
high porosity and surface area of the comminuted glass allowed a fast recrystallisation of the glass. 
However, hematite is regarded as a product of high-temperature vapour/liquid phase alteration 
and its presence possibly means that not all the tridymite and albite/anorthoclase is the result of 
high-temperature recrystallisation but that some is due to crystallisation from the hydrothermal 
vapours/fluids. 
In summary, the rhyolite at Ngongotaha is generally fresh, with only minor alteration. The 
alteration can be attributed to a combination of high-temperature recrystallisation of comminuted 
glass along faults and vapour phase crystallisation from hydrothermal vapours/fluids migrating 
along these faults. 
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10.6 Dome growth and cooling model 
In this section a dome growth model of the Ngongotaha Dome based on field data is proposed which 
is compared with selected dome growth simulations given in Section 8.4 on page 145. In developing 
a dome growth model only the eruption mode (e.g. , exogenous vs. endogenous) is discussed. Fi-
nally, implications of the cooling model on the development and distribution of spherulite-bearing 
lithologies are discussed. 
10.6.1 Dome growth model based on field data 
Mapping of flow layering has re-
vealed the existence of discordances 
in the flow layering (Section 10.2) 
which range over the entire height of 
a working bench, i.e., they are trace-
able over distances > 20 m. A few in-
stances of such abrupt changes in the 
orientation of flow layering have been 
observed in the quarry and more are 
inferred to be present in non-exposed 
parts of the dome. Large-scale dis-
cordances in flow layering can be ex-
plained by lava lobes emplaced in suc-
cession as depicted in Fig. 10.58 and 
discussed below. An initial magma 
pulse leads to the extrusion of a lava 
lobe which develops a flow layering in 
CD 
Figure 10.58: Inferred eruption mechanisms for a predominantly ex-
ogenous eruption style. See text for discussion. 
response to shearing already in the conduit and which is later essentially parallel to the outline of 
the lava lobe. On extrusion, fractures develop at the lobe surface cutting through the uppermost 
flow layers (stage 1). A subsequent magma pulse initially forces the segmented lobe parts out and 
away and thereby possibly rotates the lowermost segments (stage 2). From this stage several sce-
narios may be envisaged, two of which are shown in Fig. 10.58. In stage 3a further lava extrusions 
occur preferentially along existing fracture lines thereby further rotating the segmented parts of 
the initial lava lobe. This leads to the development of discordancies in flow layering adjacent to 
the newly extruded lava lobes. Alternatively, there may be the development of lava lobes from 
the segmented parts of the initial lava lobes (stage 2 and 3b) with the extrusion of subsequent 
lava lobes above the existing ones. Discordancies in flow layering are restricted to near-vent areas. 
The overall emplacement style is therefore exogenous with a minor endogenous component at the 
very beginning of the eruption sequence. Figure 10.59 summarises the inferred eruption mode of 
Ngongotaha Dome. 
The extruded highly viscous lava was similar to a very stiff paste which topples over at some stage 
due to gravity. It is possible that continued magma supply resulted into a short-lived continued 
growth of the lava lobe at the ground. However, after a certain length of lava lobe had been 
extruded, the lava became too brittle to be deformed in a ductile manner and grow further as a 
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lava lobe. Further lava flowage is by the development of new lava lobes. Another possibility is a 
pulsed magma ascent whereby each magma pulse results in the formation of a lava lobe. There 
is no field evidence to support either of the two scenarios: magma flowage at a constant outflow 
rate or magma pulses. However, in the case of magma outflow as pulses, intermittent times would 
have been very brief since no lithological changes occur at assumed flow lobe boundaries, i.e., at 
discordancies in flow layering. Only a rapid succession of lava lobes would have provided sufficient 
heat to reheat and overprint existing lithologies. 
Lava lobe lengths may be estimated as 350 to 430 m based on geometrical reasoning and a 
dome diameter of 950 m. This compares well with the estimated lengths of exogenous lava lobes 
at Mt. Unzen, Japan, which are in the order of 300 to 400 m (see page 144). Lava lobe widths are 
estimated to be in the order of 200 to 300 m. 
Further magma extrusion results 
in new lava lobes which by toppling 
over take orientations as dictated by 
available spaces left by previously 
emplaced lava lobes. As the space 
around the vent is filled by lava lobes 
further lobes will piles over these 
(long arrows in Fig. 10.59). If ad-
jacent lava lobes extrude in rather 
quick succession the later lobe may be 
able to push the former lobe slightly 
aside (short arrows in Fig. 10.59). 
The extrusion direction of a lava lobe 
Figure 10.59: Inferred exogenous eruption mode of Ngongotaha 
Dome. For discussion see text. 
may not necessarily be straight from the vent but may be slightly curved if the lava lobe rotated 
slightly while extruding. The space available between individual lava lobes is continually filled with 
different kinds of breccias, such as carapace and base breccias-a proc~ss which results in a roughly 
circular dome outline. 
The number of lava lobes may range somewhere six and eleven as estimated by the morphological 
dome parameters. This compares with 13 exogenous flow lobes at Mt. Unzen which formed during 
the 1993-1994 eruption (see page 144). 
10.6.2 Comparison with dome growth simulations 
The aspect ratio (height:radius) of 0.29 defines Ngongotaha Dome as a low lava dome according 
to BLAKE's (1990) classification (compare Fig. 8.1 on page 138). This is supported by a graph 
of the dome height VB. dome radius (Fig. 10.60) which ~hows that Ngongotaha Dome plots in 
the trend for low lava domes. The two trends shown in Fig. 10.60 are based on BLAKE's (1990) 
compilation of historical low lava and PeIeean domes which have a variety of chemical compositions 
and which erupted at different locations. The slope value of the regression line for low lava domes 
(0.55) is close to that of the theoretical relationship of dome height to its radius (h ex rO.5 ) for 
dome growth modelled as an isothermal Bingham fluid (BLAKE, 1990) and it is also close to that 
of dome growth in the BPI regime (Table 8.2 on page 151) of GRIFFITHS & FINK (1993) and FIXK 
& BRIDGES (1995). In the BPI regime, buoyancy (gravitational force) is balanced by the yield 
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strength in the dome interior. The two trends in Fig. 10.60, distinguished by BLAKE (1990) on the 
basis of morphological parameters, correspond therefore to distinct combinations of effusion rate 
and cooling history (or W values of GRIFFITHS & FINK, 1993). 
The assumption of a Bingham behaviour for 
N gongotaha Dome is checked with the Bingham 
number, B (see Eq. 8.1 on page 147). All nec- . 
essary values for the estimation of B are defined 
in the following. The yield strength, To, can be 
calculated using Eq. 8.2 on page 148 and the fol-
lowing parameters, dome height = 140 m, dome 
radius = 475 m and melt density = 2390 kg m-3 , 
which gives a value of To = 309,584.6 Pa ~ 3.1.105 
Pa. This yield strength value is almost identical 
to that used by FINK & GRIFFITHS (1998) for 
paleo-eruption rate calculations of rhyolite domes 
(see footnote 11 on page 154). In Section 4.4.3 
on page 52, two other methods for the estimation 
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Figure 10.60: Dome height vs. dome radius plot show-
ing that Ngongotaha Dome falls right into the trend of 
historical low lava domes (BLAKE, 1990; modified after 
FINK & BRIDGES, 1995: 236). 
of yield strengths are given. However, Soo's (1967) first-order estimate would result in a yield 
strength of 9600 Pa which is far below reported yield strengths of rhyolite melts. The second 
method (PINKERTON & STEVENSON, 1992) is not applicable since the given particle concentration 
range of 0.52 < iJ!/iJ!max < 0.82 for which yield strengths and shear stresses can be estimated is out 
of the particle concentration range of rhyolites at Ngongotaha Dome. 
The viscosity of rhyolitic lava from Ngongotaha is in the order of 2 to 4· 10-10 Pa s at T = 
815···800D e, as calculated with Eq. 4.14 on page 48 according to HESS & DINGWELL (1996). 
SPERA et aZ. (1988) summarised typical shear rates for high-silica melts (Table 4.1 on page 42) 
which for silicic dome extrusions are in the order of 5 .10-7 s-l and for rhyolite lava flow in the order 
of 10-5 s-l. Substituting the estimates for yield strength, viscosity and shear rate in Eq. 8.1 gives 
B ~ 1 which suggests that Ngongotaha Dome may be modelled as a Bingham fluid~although the 
phenocryst content may be too small (with an average of 3.21 modal-%) to impart a yield strength 
to the rhyolite. 
Recent dome growth simulations by GRIFFITHS & FINK (1997) and FINK & GRIFFITHS (1998) 
provide the means of estimating eruption rates of prehistoric lava domes from their morphology 
(Section 8.4.5 on page 151). The necessary parameters include the eruption temperature, Te , glass-
transition temperature, Tg , solidification time, ts, and yield strength, To. All these values are 
readily estimated for Ngongotaha Dome. However, first, Ngongotaha Dome has to be classified 
with respect to the four flow regimes established by the above authors. The four flow regimes, or 
morphologies, are characterised by a certain range of the dimensionless parameter WB. The main 
characteristics of the four regimes in terms of laboratory and natural lava domes as well as the 
wB-ranges are given in Table 8.4 on page 153. Since the dome surface of Ngongotaha Dome is 
not exposed, the stated surface characteristics cannot be used for the classification. As outlined 
in Section 10.6.1 on page 241, it is thought that a relatively small number of lobes extruded in a 
predominantly exogenous fashion, with few late-stage obsidian squeeze-ups. SHEPHERD (1991) also 
reported obsidian squeeze-ups reaching the dome surface. Obsidian squeeze-ups have been found 
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reaching to and stopping just under the dome surface. It is likely that other squeeze-ups or even 
small lobes formed spines which protruded from the dome surface and which were later removed 
by the explosive/effusive emplacement of other domes of the Ngongotaha Dome Complex or by 
erosion. These characteristics, as well as the roughly circular dome outline, put Ngongotaha Dome 
somewhere between the 'spiny' and 'lobate' dome types which gives a range of 0.03 < \[I B < 0.3. 
However, the 'lobate' category is considered more likely in the following discussion. According 
to. GRIFFITHS & FINK (1997) these small \[IB values indicate a rapid solidification or very slow 
eruption rates. 
Taking Te = 815°C (magnetite-ilmenite geothermometer) and Tg = 711°C (rheological glass-
transition temperature calculated after HESS & DINGWELL, 1996), the solidification time, ts, can 
be estimated as ,,-,22 seconds using the Te vs. ts plot of FINK & GRIFFITHS (1998: 533) which 
has defined Tg-curves at Tg = 700 ± 50°C. Using the yield strength of 3.1 . 105 Pa and the above 
estimated range 0.03 < \[I B < 0.3, Fig. 8.4 on page 152 indicates that Q ts ~ 44· . ·450 m3 and 
the eruption rate Q ~ 2· . ·20 m3 s-l. This range of eruption rates compares well with calculated 
values of 0.6· .. 11 m3 s-1 for Obsidian Dome, California, 4.5· .. 32 m3 s-1 for Chao Dacite Flow, 
Chile, and 3·· ·12 m3 s-1 for South Sister Domes, Oregon (all examples in FINK & GRIFFITHS, 
1998). 
Using the assigned volume of 0.058.109 m3 and the calculated eruption rates, the emplacement 
of Ngongotaha Dome would have taken between 34 and 336 days, i.e., from just over one month to 
almost one year. Given a 'lobate' flow regime for Ngongotaha Dome the overall extrusion time was 
probably close to one year. This compares with an observed emplacement time of ca. 600 days for 
the 13 exogenous dome lobes of Mt. Unzen Dome during the 1993-1994 eruption (see page 144, 
NAKADA et al., 1995). 
10.6.3 Cooling model and its implications 
Cooling of Ngongotaha Dome was modelled according to the method suggested by MANLEY (1992), 
as outlined in Section 8.5 on page 154. Table 10.5 summarises all parameters used for this modelling. 
The chemical composition used for the calculation is the average of all XRF analyses normalised 
on the basis of 0.1 wt-% water. Densities of magma and glass were calculated using the program 
lIgneous' by Todd Dunn (Department of Geology, University of New Brunswick, Canada). 
The feeder and conduit system of N gongotaha Dome is not exposed. In the literature there 
are few descriptions of the vent width of rhyolite domes. EICHELBERGER et al. (1986) reported a 
conduit diameter of ca. 33:rp. at a depth of 400-500 m and a vent diameter >50 m for Obsidian 
Dome as revealed by a research drill. These values are in good agreement with the calculated 
critical conduit diameter for rhyolites of 33.4 m assuming typical magma properties12 (HARDEE, 
1992). Using the following equation (HARDEE, 1992): 
= (~)O.5(9K,'f7ec)o.25 
Dc P/L 8 (10.2) 
the critical conduit diameter, Dc, for Ngongotaha Dome may be calculated. In Eq. 10.2 the term 
P / L is the pressure gradient in flow direction and is nominally 1000 Pa m-l for a vertical conduit 
12The critical conduit diameter refers to the minimum conduit diameter that can support and maintain magma 
flow. Values for basalts are 1.9 m and for andesites 10.6 m (HARDEE, 1992). 
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Table 10.5: Summary of parameters used for the cooling modelling and other calculations. 
chern. camp. 
Si02 74.99 
Ti02 0.21 
Alz03 13.32 
Fe203 1.85 
MnO 0.66 
MgO 0.21 
CaO 1.16 
Na20 4.58 
K 2 0 3.31 
P2 0 5 0.03 
Lor 0.1 
total 99.73 
physical parameters 
magmatic T: 815°C (magnetite-ilmenite geothermometry) 
wall rock T: 10°C 
magma density: 2.39 g cm-3 (calculated using average chern. comp.) 
pumice density: 1.99 g cm-3 (average of measured FVP densities) 
glass density: 2.35 g cm-3 (calculated using average glass comp.) 
rock density: 2.11 g cm-3 (assumed density of underlying ignimbrite) 
ayerage phenocryst content: 3.21% 
spherulite content: 33% 
inferred T g: 711°C (rheological T 9 after HESS & DIXGWELL,1996) 
grain density: 2.40 g cm-3 
geometric factor, T 0.785 
annual rainfall/snowfall: 150/0 cm 
vesicle height/length: 0.00002/0.4 cm (averaged values) 
dome height: 140 m 
dome radius: 475 m 
feeder diameter: 50 m (see discussion in text) 
thickness of pumiceous carapace: 15 m (average value) 
node spacing: 5 m 
flow driven by gravitational buoyancy (HARDEE, 1992). Thermal conductivity of the magma, K., was 
estimated to be 0.2147.10-3 J m-ls- l DC based on experimental data by MURASE & McBIRNEY 
(1973) using the average chemical magma composition and Eq. 3.9 for calculation of the heat 
capacity according to STEBBINS et al. (1984). 6 c is the excess temperature above which thermal 
feedback13 effects predominate and its value is taken to be 22 K (HARDEE, 1992). The effective 
viscosity of the Ngongotaha rhyolite is estimated as 7 . lO11 Pa s based on the melt viscosity 
calculated after HESS & DINGWELL (1996) and the Einstein-Roscoe equation (Eq. 4.18 on page 
50) with an average phenocryst content of 3.21 modal-%. Substituting all values into Eq. 10.2 
gives a minimum conduit diameter of 44.2 m which can sustain lava flow and continuous eruption. 
For the cooling modelling a conduit diameter of 50 m is taken on the assumption that the conduit 
becomes wider due to magma-wall rock interaction and abrasion effects due to magma flowage. A 
conduit diameter of 50 m compares well with that of Obsidian Dome as mentioned above. 
FUJI & UYEDA (1974) also calculated the minimum size of conduits that remain open because 
of the heat generated by thermal feedback. For highly silicic magmas with viscosities in the order 
of rv 1013 poise they calculated a critical width of the order of 100 m. This value is considered to 
be too high, and is a result of assuming a viscosity representing the value of the rheological glass 
transition. 
Fig. 10.61 shows an example of the cooling of Ngongotaha Dome and the simultaneous heating 
of the country rock underneath the dome and adjacent to the vent area. After 15 years of cooling, 
the very centre of the dome remains at about the eruption temperature and a large proportion of the 
interior still has temperatures above the rheological glass-transition temperature. This means, that 
13Thermal feedback occurs if a lava is highly temperature dependent and it is induced by viscous heating which 
causes the lava temperature to rise by a few degrees. This may significantly reduce the melt viscosity which results 
in faster velocities and an increased viscous dissipation until the process starts to run away. \'iscous dissipation 
heating results from the conversion of some of the flow energy into heat through internal dissipation of fluid motion 
by viscous effects (HARDEE, 1992). This runaway process may have an important effect on eruption characteristics 
such as extrusion rate and eruption temperature. 
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Figure 10.61: Example result of the cooling model applied to Ngongotaha Dome showing the temperature dis-
tribution in the dome and in the basement after 15 years of cooling. Temperature values in the legend are in 
degrees Celsius. See text for discussion . 
the central dome portion is, after 15 years of dome emplacement and cooling, still in the melt-like 
state although the degree of undercooling prevents the growths of (micro)phenocrysts. The outer 
dome parts are in a solid-like state although still at substantially high temperatures. Furthermore, 
the wall rock and the country rock under the dome suffer substantial heating with temperatures 
exceeding 400 cc in the vicinity of the contact and heating up to 100 cc at ca. 50 m distance from 
the contact. 
Fig. 10.63 gives an impression of the cooling sequence of Ngongotaha Dome dome with time. 
Shown are only temperatures above 600 cC. The lowermost diagram shows the path of the cooling 
isotherm for the rheological glass transition temperature. The superimposition of this diagram with 
the generalised distribution of main lithologies should give answers about the onset of the formation 
of those lithologies which are characterised by spherulitic growth forms. 
Tg -isotherms at 3 years 
1, 3, 6, 10, 13, 15 and 20 years 
Figure 10.62: Superimposition of the distribution of main lithologies and the path of the glass-transition isotherm 
(red solid lines) for selected time steps. Distribution of main lithologies is as given in Fig. 10.7. See text for 
discussion . 
This superimposition of the main lithologies and the path of the Tg- isotherm is shown in Fig. 
10.62. As discussed in Section 5.7 on page 83, spherulitic growth is assumed to occur close to the 
glass-transition temperature, either just above, at, or just below that temperature. Here we also 
find the fastest growth rates for spherulitic growth forms. The coincidence of a certain lithology 
characterised by spherulite forms with an isotherm of a certain time step should indicate the com-
mencing time of development of this spherulite-bearing texture, i.e., lithology. The position of the 
spherulitic crystallised obsidian (indicated by a middle-grey shade in Fig. 10.62) coincides with the 
three year Tg- isotherm which means that the spherulitic texture of this lithology started 
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~ 
after 1 0 years 
after 6 years 
Figure 10.63: Selected stages in the cooling simulation of Ngongotaha Dome. All parameters used in the 
modelling are listed in Table 10.5. The upper sequence shows the temperature distribution (for T > 600 °C) at 
selected cooling stages at the indicated time steps. Temperatures given in the legend are in degrees Celsius. In 
the lowermost diagram the path of the T g-isotherms (711°C) at the same time steps is plotted . 
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to develop after three years of cooling-and was completed after ca. 12 years as indicated by the 
match of the appropriate Tg-isotherm and the transition of that lithology to the next following 
towards the dome centre. This long time frame of ca. 9 years represents the period in which the 
spherulitic-crystallised obsidian formed; the formation proceeded inwards from its outer contact 
with the FVP towards the transition to the felsitic rhyolite. Similarly, spherulite forms associated 
with lithophysae and 'lip'-structures in the very· dome centre began to crystallise after 15 years 
of cooling as indicated by the match of that isotherm with the position of the lithophysae- and 
'lip'-structure-bearing felsitic rhyolite, CRHY (dark-grey shade in Fig. 10.62). The relatively long 
time period until crystallisation of spherulitic forms commences is known as 'nucleation lag' time 
and estimated times for N gongotaha Dome are comparable with reported 'nucleation lag' times 
(see page 227). The time estimates have to be regarded as minimum estimates since they represent 
the earliest time at which spherulitic forms develop, i.e., close to the glass-transition temperature 
where they have maximum growth rates. Spherulites also crystallise from the solid state, such as 
obsidian, at later stages (devitrification) but at much lower growth rates._ 
The development of the main lithologies, especially those associated with spherulitic growth 
forms, happened over a considerable time period covering more than twenty years after dome 
emplacement. This contrasts with the relatively short time spans in which spherulites crystallised 
ranging from hours to days-to months in a few instances (see Section 10.4.4 on page 227). The 
cooling model therefore gives answers about the timing of lithologies characterised by spherulitic 
forms in relation to the dome emplacement. It further confirms the hypothesis that the distribution 
of main lithologies is governed mainly by the cooling and overall shape of the dome. This means, 
that the main lithologies, with the exception of breccia types, are not bound to individual lava 
lobes. 
10.7 Formation of main lithologies 
In this section the formation of main lithologies at Ngongotaha.Dome is discussed in relation to 
processes occurring during the dome emplacement, subsequent cooling of the dome and physico-
chemical properties of the rhyolitic lava. The basis for this discussion is established in the previous 
sections. In the following summary the state of the rhyolitic melt on its extrusion as well as 
the changing behaviour of temperature-dependent physical parameters, such as viscosity and yield 
strength in different parts of the dome is discussed. The different breccia types are then discussed 
separately, because their formation nature is related to the very emplacement mechanism of the 
dome. Finally, the formation of all other main lithologies is addressed. 
10.7.1 Summary of the melt state and of physical parameters in the dome 
The sparse phenocryst content of the rhyolite at Ngongotaha Dome indicates a magmatic tempera-
ture close to the liquidus temperature in the magma chamber14 . A number of studies suggest that 
the volatile content of a melt is a key factor in determining the eruption mode (see Section 8.2 
on page 140) and whether glassy or vesicular textures develop upon extrusion (e.g .. ~-\.\l'DERSO:\ & 
FINK, 1990). The measurement of pre-eruptive water content is outside the scope of the thesis. so 
14MARSH (1981) pointed out that the amount of phenocrysts is indicative for the magmatic temperature in the 
magma chamber. 
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the value given is from other rhyolite studies. These studies indicate a pre-eruptive water content 
in the range of 2.5 to >6.5 wt-% water as measured in melt inclusions in phenocrysts15 (see page 
140). Typical water contents for unaltered calc-alkaline obsidians are in the range of 0.1 to 0.3 
wt-% (see page 140). 
The water content for rhyolites at Ngongotaha Dome were measured by XRF analysis and are 
given as loss of ignition (LOr; results are listed in Appendix F on page 473). The overall water 
content ranges from 0.00-1.37 wt-% (samples NQ-14b and NQ-22, respectively) for all samples 
excluding FVP lithologies and material affected by hydrothermal vapours/fluids. The average water 
content is 0.42 wt-% (53 samples, s.d. 0.34). This water range is below the reported pre-eruptive 
water content of calc-alkaline rhyolites and indicates a significant water loss during the eruption. 
However, no obsidian glass separates were analysed. Considering the different lithologies it can be 
said that obsidian-rich samples occupy the lower end of the water content range while crystalline 
rhyolites tend to be more water-rich. 
Samples involving FVP lithologies have water contents clearly above the average LOr range 
such as 2.47 wt-% in sample NQ-58 representing finely-vesicular obsidian marginal to a late-stage 
obsidian squeeze-up near the dome top, 3.79 wt-% in sample NQ-47, a FVP, and 5.26 wt-% in 
sample NQ-56*, a brecciated FVP, both near the dome top. The high water content of the FVP is 
due to the high porosity developed at the dome surface by vesiculation during flow which resulted 
in an increase in surface area allowing an easy and relatively fast absorption of meteoric water. 
Samples which were affected by hydrothermal 
alteration also have a higher water content such 
as sample NQ-55 (1.64 wt-% water) which is as-
sociated with an extensional structure in the first 
level and shows typical hydrothermal alteration 
features (cf. Section 10.5 on page 239). An in-
crease in surface area is the result of comminution 
of the material by shearing associated with small-
scale faults and allows the ready absorption ofwa-
ter associated with hydrothermal vapours/fluids. 
Assuming a pre-eruptive water content of the 
order given in the literature, the average water 
content of ca. 0.4 wt-% for rhyolites at Ngongo-
taha indicates a significant loss of water during 
the extrusion. Further isotopic studies of the na-
ture of the water in the rhyolite can reveal the 
true nature of the water and the extent of con-
tamination with meteoric water. 
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Figure 10.64: Dependence of melt viscosities on the 
water content. Viscosities have been calculated for 
several temperatures using the method after HESS & 
DINGWELL (1996). All temperature values are in de-
grees Celsius. 
At some shallow depth in the conduit isothermal decompression of the magma results in volatile 
exsolution and a strong undercooling of the magmatic system long before significant heat loss occurs 
(e.g., WESTRICH et al., 1988). The time scale of decompression of a magma is relatively short and 
15It would be of great advantage if further studies at the Ngongotaha Dome Complex include the measurement 
of melt inclusions in plagioclases, not only at the Ngongotaha Dome as defined in this thesis, but for all domes and 
possibly flows present. The results would also give an answer to the question whether the magma chamber was 
stratified in respect to the water content. 
249 
CHAPTER 10. NGONGOTAHA DOME 
occurs in a matter of hours to days (EICHELBERGER et at., 1986). The degree of under cooling is 
estimated to be in the order of 200-300D C (SWANSON et at., 1989). The high undercooling triggered 
the nucleation and growth of microlites, which are present as mainly pyroxene and minor plagioclase 
rods (Section 10.4.2). Shearing in the conduit during magma ascent and extrusion resulted in an 
segregation and parallel alignment of the microlites and those in a defined flow layering. 
The loss of volatiles also resulted in a 
rapid increase in viscosity and the devel-
opment of a high yield strength. This is 
regarded as the main contributor to a non-
Newtonian behaviour of melts (Fig. 10.64; 
DRAGONI, 1993). Assuming a pre-eruptive 
water content of >2.5 wt-%, the volatile 
loss in the conduit increases the viscos-
ity by several orders of magnitude which Figure 10.65: Schematic representation of how important pa-
in turn affects diffusion, nucleation and 
growth rates. 
In summary, just before extrusion the 
rameters change within the dome upon dome emplacement 
(modified after FINK & MANLEY, 1987). See text for dis-
cussion. 
rhyolitic melt forming Ngongotaha Dome is characterised by a (i) very low phenocryst content, (ii) 
high abundance of pyroxene and plagioclase microlitic rods, (iii) basic flow layering, (iv) high degree 
of undercooling, (v) low water content and (vi) very high viscosity. 
Fig. 10.65 summarises schematically how temperature, viscosity, shear stress and yield strength 
vary within the dome. The dome interior maintains a high temperature and low viscosity which 
allow a more rapid diffusion. The shear stress, Txy , increases downwards with loading and the 
intersection of shear stress curve and yield strength, To(T) defines the base of the brittle dome 
carapace. The lava is able to flow when T > To and it fractures when stresses are greater than the 
tensile stress. The carapace thickness is therefore defined by the depth below which the shear stress 
is greater than the yield strength. In a cooling dome tensile strength, yield strength and viscosity 
decrease inwards (FINK & MANLEY, 1987). The interior yield strength may, however, also inhibit 
lava transport beneath the carapace from the vent to distal dome regions (GRIFFITHS & FINK, 
1997). Microcracks may form in the deformable lava in the dome interior when the shear stress is 
larger than the tensile strength. These microcracks are inferred to be present throughout a flow and 
they form pathways and possibly interconnected networks through which exsolved gases can move 
upwards (FINK & MANLEY, 1987). Crystallisation in the dome such as formation of spherulites 
change the composition of the residual melt which becomes more siliceous. This contributes to an 
increase in both viscosity and yield strength (DRAGONI, 1993). 
10.7.2 Carapace, flow base and internal breccias 
As summarised and briefly discussed in Section 8.6 on page 156, three main types of breccia may 
be discerned which occur at rhyolitic lava flows and domes. These are the carapace breccia, flow 
base breccias and internal breccias all of which are discussed in this order in the following. 
Fast cooling at the dome surface results in the formation of a rigid shell, which due to flexure and 
folding of the dome surface by continued lava movement, breaks into numerous blocks of different 
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size and forms a highly brecciated pumiceous dome carapace. Jostling of the pumiceous breccia 
blocks results in a comminution of the blocks and in the formation of glass shards and fragments 
which fill the spaces in between the larger pumiceous blocks. This carapace breccia was slightly 
consolidated (silicified) by the action of acid hydrothermal vapours/fluids. 
The glass shards and fragments may also accumulated in fractures of the dome surface. Higher 
temperatures and temporary compressive stresses are sufficient to partially weld the shards and 
fragments (MANLEY, 1992). 
The welding of glass shards and fragments in these fractures and a silicification of the carapace 
breccia to different extent can explain the close relationship between the CB and the underlying 
FVP as well as the varying thicknesses of the CB and the transition zone CB /FVP. 
Ngongotaha Dome consists of a number of dome lobes (Section 10.6) whereby each ofthe lobes 
develops a carapace breccia. If two or more domes lobes flow onto each other they should be 
distinguishable by a lithological change at the contact between them. It is suggested that the 
overall dome emplacement was relatively fast (1 yr) with a rather quick sequence of dome lobe 
extrusions. This quick secession of dome lobes means that no pronounced and thick carapace was 
able to develop at those dome lobes which were subsequently overridden by another dome lobe. 
Furthermore, the emplacement of the latter dome lobe will partially have removed the carapace of 
the first dome lobe and will also have provided sufficient heat to weld the pumiceous material of 
the carapace to such an extent that obsidian is formed (see discussion in Section 8.2 on starting 
on page 140). However, welded tuff-like structures have been found at places within the dome 
which coincide with the surfaces of proposed dome lobes (see discussion on pages 238-239). These 
structures are indicative for a near-surface formation environment in lava flows (MANLEY, 1995, 
1996) and they are interpreted here to represent the upper surface of a dome lobe and hence the 
boundary of two dome lobes. 
Breccias within domes have different origins. They form by internal shear during the extrusion 
(SCHMINCKE & BEDNARZ, 1990; NAKADA et al., 1995) or at some later stages provided the shear 
stress during flow locally exceeds the tensile strength of the lava. Fracturing is caused by a con-
centration of shear stress in specific horizons or by lowering of tensile strength by devitrification 
(MANLEY & FINK, 1987a). Initially the melt or solidified rock will fracture into blocks which subse-
quently are rotated and fragmented. Internal breccias at Ngongotaha are monolithic with a reddish 
oxidised matrix and clasts that show devitrification (compare Fig. 10.26). Depending on the occur-
rence of internal breccias within the dome, clasts are made of fresh obsidian, spherulitic-crystallised 
obsidian and crystalline rhyolite. 
In the flow base breccia two types of breccias may be discerned which have a different origin. 
Breccias within the lowermost basal zones of a lava flow/dome are generally regarded as surface 
breccias which have been overridden at the flow front (FINK, 1980, 1983; HAUSBACK, 1987; STASIUK 
et al., 1993a). The second type is related to a brecciation in intact basal lavas when during lava 
flowage cooling causes a transition from ductile to brittle behaviour (GRIFFITHS & FINK, 1993; 
SMITH, 1996c). It is difficult to discern between the two flow base breccias because the two processes 
of breccia formation result in deformed breccias and heat can subsequently modify the breccia. 
DADD (1992) described a 'lenticulite breccia' in the basal zone of Ngongotaha Dome which was 
formed from banded lavas by stretching and mechanical brecciation due to high shear strain. The 
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'lenticulite breccia' is characterised by lenticular to wispy obsidian segments ('clasts') which are 
embedded in a light-coloured and completely devitrified rhyolite ('matrix'). DADD (1992) describes 
a vertical gradation of the flow-layered rhyolite into the 'lenticular breccia' and vice versa. The 
'lenticular breccia' is similar in appearance to the breccias described in Section 10.2.2 and depicted 
in figs. 10.17 and 10.19 on page 186 and it is interlayered with the flow-layered rhyolite in a 
similar way as depicted in Fig. 10.20 on page 186. DADD (1992) suggested two mechanisms for the 
formation of the 'lenticulite breccia' whereby it may have formed by only one mechanism or by a 
combination of the two. 
The first mechanism involves an aqueous diffusion along microcracks which are due to shear 
during flow. Continued volatile movement along an interconnected crack network selectively devit-
rifies the rhyolite and produces a pattern of devitrified zones and undevitrified glassy zone. The 
formation of such 'pseudobreccia' does not involve mechanical fracturing (cf. also ALLEN, 1988). 
The second mechanism involves brecciation by drawing out and breaking of rheological plastic 
glassy layers with a low shear strength due to an increase in shear stresses at certain level in the 
flow. Differently shaped clast terminations relative to the flow layering suggest a range in rheological 
behaviour prior to failure (cf. also WHITE, et al., 1980; SMITH, 1996c). A local increase in the 
strain rate may be due to differences in the flow rate or heterogeneities in the lava flow. 
The flow base breccia as described in this thesis has a number of characteristics which suggests 
an origin due to high shear stresses (second mechanism). Features supporting this view are (i) the 
presence of broken phenocrysts in the reddish devitrified clast matrix indicating flow movement, 
(ii) sharp terminations of the clasts and (iii) occasional rotation of clasts. All these features were 
also cited by DADD (1992) in favour for this breccia forming mechanism. However, she assumes the 
first mechanism as primary in the formation of the breccia which is later modified by mechanical 
fracturing in zones of high shear stresses. If the 'lenticulite breccia' is formed primarily by the 
action of aqueous diffusion and selective devitrification similar structures should be present in other 
dome parts as well. Microcracks can form in all dome parts in which the shear stress is larger than 
the tensile strength. The microcracks can form a network through which (hydrothermal) vapours 
are able to migrate and selectively devitrify the rhyolite. Hydrothermal systems ,were active during 
and after the dome emplacement (see Section 10.4.5) and potentially could cause the formation of 
a 'pseudobreccia' as suggested by DADD (1992). However, breccia types similar to the flow base 
breccia have not been found in other dome parts, and neither have been areas which may indicate 
a selective devitrification. Therefore, and for the above given features an origin by mechanical 
fragmentation due to high shear stresses involving slight differences in the ductile behaviour is 
favoured for the dome base breccia. 
10.7.3 Main lithologies other than breccias 
Having established the melt state upon extrusion and the behaviour of important parameters, 
directly or indirectly influencing the texture development in the dome, the following discussion 
concentrates on the formation of the different textures throughout the main lithologies. 
The finely-vesicular pumice (FVP) unit is mainly formed by surface vesiculation (efferves-
cence, 'secondary boiling'). The rapid cooling of the dome surface prevents the formation of large 
vesicles. Highly stretched to completely collapsed vesicles indicate that the lava was not quenched 
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immediately after vesiculation but they deformed plastically in response to shearing due to contin-
ued flow movement. Although the vesicles deformed the pre-existing flow banding shearing of the 
vesicles by flow movement of the lava overprints this deformation and establishes a flow layering as 
defined by the parallel orientation of the stretched and collapsed vesicles. The vesicle size decreases 
towards the underlying U.OBS unit. 
The thickness of the FVP unit is defined by the depth below which lithostatic load prevents ad-
ditional exsolution of volatiles (FINK & MANLEY, 1987). Further cooling combined with continued 
flow results in the formation of large fractures which may extend down to the interface of ductile 
flow behaviour. Filling of these fracture with material of the CB and FVP and subsequent welding 
of it may form internal breccias which in places also may resemble ignimbrites (see Section 10.7.2 
and above). 
The FVP unit cooled too quickly to allow spherulite nucleation. The transition zone to the 
underlying U.OBS unit is marked by the presence of spherulites the abundance of which increases 
towards the U.OBS. Nucleation and growth of spherulites is possible due to the insetting insulating 
effect of the FVP towards the dome interior. 
The transition to the underlying upper spherulitic-crystallised obsidian (U.OBS) marks 
the lower limit of effervescence because the load pressure becomes larger than the volatile pressure. 
The dome interior becomes increasingly insulated (slower cooling rates) which allows a higher abun-
dance spherulite to nucleate and grow. Towards the dome interior the number of spherulite types 
increases. In the central dome part, as characterised by RHY and CRHY, however, a spherulitic 
matrix of tiny spherulites dominates with an occasional concentration of larger spherulites. The 
otherwise increasing number in spherulite types is mainly attributed to changing cooling rates. In 
the outer regions cooling rates will be faster allowing only few spherulite types to be formed. Slower 
cooling rates further towards the dome interior allow enough time for numerous spherulites to be 
formed. It is suggested that the 'nucleation lag' time essentially allows the formation and resorption 
of spherulites which with time will develop different forms and slightly different mineralogies-until 
the undercooling is too high for spherulite resorption. This process is similar to the nucleation-
growth-resorption process of phenocrysts in the magma chamber which requires slight differences 
in physico-chemical parameters such as temperature, pressure, density, oxygen fugacity and viscos-
ity. 
Crystalline rhyolite (RHY and CRHY) occurs in the central dome portion which represents 
the hottest dome part in which the viscosity is low enough to allow a fairly rapid vapour exsolution 
to proceed and sufficient ionic diffusion for crystals to grow. The presence of vesicles below the FVP 
and U.OBS indicate the presence of melts with locally increased dissolved water content (MANLEY 
& FINK, 1987a). Crystallisation of anhydrous mineral phases releases dissolved magmatic volatiles. 
FINK & MANLEY (1987) pointed out that ideally for every cubic metre of crystallising melt about 
4400 cm3 of liquid water could be released as vapour. If the local vapour pressure is equal or 
larger than the load pressure vesicles can nucleate and grow by continued diffusion of vapour out of 
the enveloping melt (see Section 10.4.5). Vesicle collapse is prevented by the hydrostatic pressure 
within the vesicles and also by the rigid framework of crystals such as spherulites and spherulites 
associated with lithophysae. 
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10.8 Summary 
• Ngongotaha Dome is probably the oldest dome in the Ngongotaha Dome Complex and its 
internal structure is well exposed by the Henderson's Quarry. The dome diameter is estimated 
as ",950 m and the dome height as ",140 m. This gives a dome volume of ",0.058 km3 . The 
conduit diameter is estimated as 50 m based, on the calculation of the critical conduit diameter 
which is 44.2 m. 
• The rhyolite at Ngongotaha Dome is geochemically very homogenous with a restricted com-
position range and is characterised by a medium-K calc-alkaline, per- to metaluminous trend 
typical of rhyolites in the TVZ. Bivariate major oxide element and trace element plots show 
no to very weak correlations with Si02. None of the elements shows a distinct distribution 
pattern with respect to the dome. All geochemical data suggest a rather homogenous magma 
(batch) composition. 
• The phenocryst content is very low (average of 3.21 modal-%) and comprises mainly plagio-
clase and minor orthopyroxene, magnetite and ilmenite. The low phenocryst content suggests 
a magmatic temperature close to the liquidus. In general, the phenocrysts are fresh. Plagio-
clases are in the range of labradorite-oligoclase (An2o.7-56.4) and frequently show zonation 
patterns which are normal, oscillatory and reverse. Sieve-textures are commonly observed in 
plagioclases and indicate rapid decompression. Orthopyroxenes are in general fresh and where 
alteration rims occur their compositions are almost identical to that of fresh orthopyroxene. 
Orthopyroxenes show in general a narrow composition range with the majority of crystals in 
the range of En45-55. Of the phenocrysts magnetite and ilmenite provide the only means to 
estimate magmatic temperatures and oxygen fugacities. Magmatic temperatures are in the 
range of 784.2-823.3°C and oxygen fugacities range from -14.300 to 13.432. The oxygen fugac-
ity range is consistent with the presence of orthopyroxene as the only ferro magnesian mineral. 
The only magnetite-ilmenite pair partially enclosed in an orthopyroxene yields a magmatic 
temperature of 814.7°C and an oxygen fugacity of -13.800; both values were selected for all 
calculations and modelling. 
• Glassy and spherulitic-crystallised rhyolites are characterised by a wide range of microlite 
forms and microlite mineralogies. Rod-like pyroxene and plagioclase microlites are inferred 
to nucleate in response to rapid decompression in the conduit during the magma ascent. 
Shearing in the conduit results in the formation of flow layering as defined by parallel aligned 
microlitic rods. Both pyroxene and plagioclase rods show a very restricted size range which 
indicates a single formation event. Delicately formed microlites such as 'spider'-like trichites 
and curved and looped chains of pyroxene prisms are formed after flow cessation or in locally 
stagnant flow parts. 
• Application of the crystal-size distribution (CSD) theory to plagioclases at Ngongotaha Dome 
proved difficult due to the very low phenocryst content. The rhyolite shows essentially a bi-
modal plagioclase distribution consisting of microlites and phenocrysts. However, using an 
extended thin section area a CSD curve was established which shows an upwards curvature 
towards larger crystal sizes. An intercept at negative values for the population density 'con-
firms' the very low plagioclase content and indicates very low nucleation rates. Calculated 
residence times for microlites are ",0.8 years and for phenocrysts 28.8-71.4 years. The upwards 
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curvature of the CSD curve is explained by a sudden undercooling due to volatile exsolution 
during magma ascent which results in a dramatic increase in the nucleation rate and the for-
mation of abundant microlites. The very low phenocryst content, however, precluded a more 
detailed study of plagioclases with the CSD so that the full potential of this theory could not 
be applied to the rhyolite at Ngongotaha Dome. 
• Spherulitic growth forms are very common' in N gongotaha Dome and are characteristic for 
some lithologies, particularly the spherulitic-crystallised obsidians (U.OBS and L.OBS). A 
wide variety of spherulite forms have been distinguished each with characteristic morpholo-
gies, colours and composition. For most of the spherulite forms a growth sequence could 
be established. Compositionally, the spherulites consist of alkali-feldspars and silica poly-
morphs. In terms of feldspar composition, the spherulites connect the plagioclase and glass 
composition fields in the ternary feldspar system. XRD analyses showed that the feldspars 
are high-temperature forms. Silica polymorphs are cristobalite and tridymite. The spherulite 
mineralogy and their occurrence suggest a formation close to the glass-transition temperature. 
Morphological data such as fibre thicknesses and overall spherulite diameters together with 
selected diffusion rates were used to calculate growth rates. The growth rates are very fast 
(5.10-8-10-3 cm s-l) and give overall spherulite growth times of a few seconds to over one 
month, depending on the spherulite type. The difference in the number of spherulite types in 
certain lithologies are explained by different cooling rates . 
• The dome centre is characterised by a high abundance of opening structures, mainly litho-
physae and minor 'lip'-structures and spherulites with central cavities. It is suggested that 
the opening structures formed above the glass-transition temperature. Lithophysae form by 
the interaction of hydrostatic tension due to melt cooling and the presence of a vapour phase 
at more or less evenly spaced sites in the melt. Volatiles were provided by vapour exsolution 
from the magma and by the crystallisation of anhydrous minerals which, for instance, form 
the spherulitic chamber walls of the lithophysae. The formation of lithophysae is a continu-
ous and a step-like process; continuous in the sense that continually vapours are released to 
form the lithophysa chambers and step-like in the sense that one shell has to be completely 
established before the next shell is able to form. The lithophysa chambers form by a repeti-
tion of spherulite growth periods (the later shells) and volatile accumulation periods around 
the spherulite crystallisation front (the later chambers). The formation of 'lip'-like structures 
differs from that of lithophysae in that it requires a more or less constant inflation by vapour 
phases in conjunction with directional tensional stresses. The stresses give rise to fractures 
at the initial tiny vesicles and their preferred widening along defined tensional directions. 
.. The opening structures are commonly lined with a diverse, although sparse, minerali-
sation. Identified minerals include tridymite, quartz, cristobalite, N a-anorthoclase, fay-
alite, osumilite, mullite, titanite, edenite, ferri-edenite, ferri-katophorite, augite, phlogopite, 
pseudobrookite and hematite. The formation of the minerals is related to hydrothermal 
vapours/fluids which migrate at the time of formation of the opening structures along certain 
flow (shear) planes through the lava. The stability fields of some of the minerals and certain 
mineral associations indicate a formation temperature in the range of 700-830°C, i.e., be-
tween magmatic and the glass-transition temperature. The diversity of the mineralisation is 
underlined by the fact that mineral assemblages including hematite indicate a slightly lower 
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temperature range and higher oxygen fugacities while mineral associations with fayalite and 
osumilite suggest a slightly higher formation temperature at lower oxygen fugacities . 
.. Ngongotaha Dome is characterised by a number of different lithologies which are concentrically 
distributed, i.e., they follow the overall dome shape. From the dome top inwards, the following 
main lithologies have been discerned. The outer dome shell is formed by a carapace breccia 
(CB) which is intimately associated and finally underlain by a finely-vesicular pumice (FVP). 
Following that is a strongly spherulitic obsidian unit (U.OBS) which in turn gives way to a 
crystallised rhyolite (RHY). The RHY and the so-called CRHY form the dome centre. The 
CRHY is characterised by a high abundance of opening structures. Towards the dome base 
the RHY is followed again by a spherulitic obsidian (L.OBS), although a higher percentage 
of obsidian is present. Furthermore, the L.OBS differs from the U.OBS in that a number of 
fresh obsidian lenses and bands are present. These bands gradually interfinger towards the 
dome base with autobreccias which are formed by high shear stresses and overprinted by a 
high-temperature alteration. 
• The patterns of the overall flow layering and discordancies in the flow layering suggest the 
presences of at least two but more likely three dome lobes in the Henderson's Quarry. Their 
presence is confirmed by welded tuff-like structures at the inferred surfaces of the dome lobes. 
Morphological dome parameters indicate that between six and eleven dome lobes may form 
Ngongotaha Dome. Dome lobe lengths are estimated as between 350 to 430 m and lobe widths 
as in the order of 200-300 m. 
Extensional and compressional structures in close proximity point to a complex flow behaviour 
during flow emplacement. 
III Morphological dome parameters and comparison with dome growth simulations show that 
Ngongotaha Dome can be modelled as a Bingham fluid. The yield strength is estimated 
as 3.1x105 Pa which compares well with other rhyolite domes. The height:radius ratio of 
Ngongotaha Dome suggests a BPI regime (e.g., FINK & BRIDGES, 1995) in which buoyancy 
(gravitational force) is balanced by the yield strength in the dome interior. Applying the 
findings of recent dome growth simulations (GRIFFITH & FINK, 1997; FINK & GRIFFITHS, 
1998) to Ngongotaha Dome, an eruption rate of ca. 20 m3 s-l could be estimated which 
translates to an overall dome emplacement time of almost one year (336 days). 
• A two-dimensional conductive cooling model allowed the establishment of a cooling sequence 
and the overall cooling time of N gongotaha Dome. Superimposition of the distribution of main 
lithologies, which are characterised by spherulitic growth forms, and the path of the glass-
transition temperature isotherm gives q,nswers about the onset of the development of these 
lithologies. This modelling shows that the 'nucleation lag' time for spherulites is considerable. 
The formation of spherulites in the U.OBS and L.OBS commenced after about three years 
while that of spherulitic forms associated with lithophysae started after 15 years of dome 
emplacement and cooling. 
• The eruption mode of Ngongotaha Dome can be summarised as being dominated by exogenous 
growth with an initial endogenous contribution. 
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Figure 10.66: Emplacement history of Ngongotaha Dome showing the sequence of formation of textural 
features-from magma generation to cooling of the dome below the glass-transition temperature. The time 
sequence is largely approximate although a number of processes could be attributed with a restricted time period. 
Fig. 10.66 summarises the emplacement history of Ngongotaha Dome and gives a time se-
quence of the events involved. Although the time periods are largely approximate, a number 
of events could be defined in their duration. The attachment of time periods discerns this 
schematic representation from those found in the literature such as in BONNICHSEN & KAUFF-
MAN (1987) and STEVENSON et at. (1993, 1994a). The cooling field encompasses the cooling 
from the magmatic temperature to just below the glass-transition temperature below which 
almost all textures have been developed. 
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Chapter 11 
Mount Tarawera Volcanic Complex 
11.1 Scope of studies and study area 
Mt Tarawera Volcanic Complex comprises a number of lava domes, flows and pyroclastic deposits 
(Fig. 2.~ on page 11 and Fig. 11.1). The stratigraphy and chronology of the eruptive events is 
briefly discussed in section 2.3 on page 10 and summarised in Table 2.3 on page 12. The formation 
of the 1886 basalt fissure was the last event and cuts through a number of domes partially exposing 
their internal structures. These domes are the Wahanga, Ruawahia, Tarawera and Crater Domes 
all of which are the subject of investigations in this chapter. All these domes were emplaced during 
the Kaharoa episode and their eruption sequence wasoJestablished by COLE (1966; Fig. 2.10 on page 
11). Crater Dome is buried underneath the Tarawera and Ruawahia Domes, so that the landscape 
is dominated by the three main domes (Fig. 2.3 on page 7). Fig. 11.2 gives a view of the study 
area using a photomosaic of aerial photographs draped over a terrain model of the area. It outlines 
the characteristic shape of the three main domes with their flattened top surfaces and a ring of 
spine-like protrusions along the dome top margins (see also Fig. 11.3). All domes have a steep talus 
slope. The 1886 fissure cuts right through the Tarawera and Ruawahia Domes and along the side 
of Wahanga Dome (Fig. 11.2). 
Exposure situation and sampling procedure 
The topographical map in Fig. 11.1 outlines the volcanic structures present and the study area. 
The study area follows the outline of the domes, as far as access permitted. The three domes are to 
various extents exposed by the fissure. Exposures within the craters vary depending on the presence 
and abundance of scree material (Fig. 11.6). Since all exposures of rhyolite within the craters were 
sampled, the density of sample locations in Fig. 11.1 marks the exposure extent within the craters. 
All craters but the crater exposing Crater Dome could be sampled. This crater is not accessible 
without technical climbing. The two craters in the Tarawera Dome are covered almost completely 
by scree material, with the exception of one outcrop. 
Samples were taken to provide cross sections of each dome and a wide range of lithologies. In 
addition, some samples were taken representing apparently different stages of alteration. In all 
instances sampling was restricted to areas along the scree lines in each of the craters. Access from 
the top of the cliff was not possible. 
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11.1. SCO PE OF STUD I ES AND STU DY AREA 
Figure 11.1: Topographical map of Mt Tarawera showing the study area, location of sample points and the areas 
of the distribution maps in this chapter . The boundaries of lava domes and flows are taken from N AJR:"I 
(1989). The craters are numbered from the top right to the bottom left for easy reference (shaded numbers 
in circles). For reasons of clarity sample numbers are not given in full but are abbreviated ; all samples within 
the Wahanga Dome are prefixed with 'TW-' and those within the Ruawahia Dome are prefixed with 'TR-' . 
Figure 11.2: Terrain model of the study area using a mosaic of aerial photographs as an overlay. The view is 
Mltheast along the 1886 fissure and shows the extent to which internal parts of the domes are exposed . The 
large plateau in the left foreground is formed by the Waikakakeao Lavas followed towards the back by the flat 
Kanakana Dome {with the air strip on top; cf. with Fig. 11.1} . The fir$t prominent dome to the right is Wahanga 
Dome followed by Ruawahia Dome. Tarawera Dome is not visible in this perspective. Dome characteristics for the 
domes in question are a steep talus formed by debris and flat tops which are outlined by spine-like protrusions. 
Dip and strike of flow structures were measured within the craters and at the spine-like protru-
sions along the dome top surfaces. 
All samples are listed in Appendix C on page 401. A description of the hand specimens is given 
in Appendix D.2 on page 415 and detailed thin section descriptions in Appendix D.6 on page 435. 
Objectives of the studies 
The main objectives of the studies at the three main domes are listed in Section 2.3 on page 
12. In addition, mineralogical and geochemical dClta are used to determine whether a systematic 
distribution of these data is present within each dome and/or between the domes. This may help 
to understand magmatic processes and the geometry of the magmatic system which fed the ).It 
Tarawera domes. 
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11.2 . MINERALOGY 
Figure 11.3: Wahanga Dome looking along the fissure towards northeast with Mt Edgecumbe in the background . 
The flat surface of the dome top slopes gently towards northwest and its outline is marked by spine-like 
protrusions. 
Figure 11.4: Ruawa hia Dome seen along the fissure towards southwest. Parts of the dome are exposed at the far 
end of the crater. The depth of Crater 3 varies between 70 and 120 m. 
Figure 11.5: Characteristic 'onion-skin ' structure at the NW-face of crater 2 , Wahanga Dome (see Fig. 11 .1) . 
The 'onion-skin ' structure indicates the presence of a dome lobe. It is slightly ellipsoidal , about 18-20 m high 
and underlain by a basal breccia which forms small mounds to either side of the 'onion skin ' structure. Only 
the maximum extent of the 'onion skin structure is highlighted . The actual joint surfaces ('onion skins ') are 
~4-8 cm apart and may be traced right to the centre of the structure. 
Figure 11.6: Typical exposure situation in the craters where sampling is restricted to areas along the scree margins 
(E-face of Crater 4 , Ruawahia Dome) . 
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Figure 11.7: Distribution map of the abundance of total phenocrysts in the biotite rhyoli te. No systematic 
distribution pattern is present . All domes have the same overlapping range of phenocryst abundances . 
11.2 Mineralogy 
All samples taken from t he domes are of t he biotite rhyolite type of COLE (1966) (see Fig. 2.9 on 
page 11 for the general distribut ion of t he various rhyolite types at Mt Tarawera) . First the total 
and individual phenocryst abundances within each dome as well as for all domes are compared. Sys-
tematic differences in the phenocryst content may give indications about magma chamber processes 
and the geometry of the magmatic system. 
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Phenocrysts and their abundances 
The phenocryst assemblage of the biotite rhyolite consists of plagioclase, quartz, biotite and minor 
opaques, orthopyroxene and hornblende. Accessory minerals are apatite and zircon. 
The biotite rhyolite has a total phenocryst abundance of 17.6-27.4 modal-% (see Appendix E 
on page 463). This range is slightly lower than that determined by COLE (1966) which was given 
as 20-30%. The total abundance of phenocrysts varies non-systematically within each dome as well 
as between the domes. A plot of the total abundance of phenocrysts for all biotite rhyolite samples 
shows no systematic distribution patterns (Fig. 11. 7). Therefore, the magma composition in terms 
of phenocryst abundance shows no systematic change with the emplacement sequence of the domes. 
Plagioclase, as the most abundant phenocryst phase, also shows a random distribution pattern 
similar to that of total phenocrysts. In the distribution of quartz abundances a vague pattern may be 
recognised in that the Ruawahia and Tarawera: Dome have a lower quartz phenocryst content than 
the Wahanga Dome (Fig. 11.8). However, this pattern is not conclusive since it is not in accordance 
with the variations of the total phenocryst abu?dance and that of plagioclase. Therefore, the domes 
upder investigation at Mt Tarawera are not distinctly different from each other in terms of their 
phenocryst abundances. 
Plagioclase 
Plagioclase is the most abundant phenocryst in the biotite rhyolite and its abundance ranges from 
17.6-27.4 modal-%. The phenocrysts are euhedral to subhedral and their crystal lengths vary 
considerably from <0.2 to 5.8 mm. No systematic distribution pattern for the size range could be 
observed either within each dome or between the domes, although a tendency for larger crystals in 
samples with a high total phenocryst abundance is found. Twinning is very common and may be of 
the albite and albite-carlsbad type, frequently with additional pericline twins. Also ubiquitous are 
zonations whereby complex patterns are observed with oscillatory zonation being the most common 
type. Commonly, the zonation patterns suggest a number of breaks between some zones (Fig. 11.12; 
see also COLE, 1966, 1970a). 
Generally, the plagioclase is fresh but particularly large phenocrysts frequently show sieve tex-
tures and are corroded. Sieve textures may be very fine and appear as a dusty core or they are very 
pronounced such as in Fig. 11.10. Some plagioclases also developed a sieve texture along the rim 
which appears to be crystallographically controlled (Fig. 11.11). In such cases the melt inclusions 
are more regular in size and shape. Some plagioclases show a complex growth history in which a 
number of small plagioclases are incorporated into one larger crystal (Fig. 11.12). Corroded plagio-
clase cores are also frequently present which in most cases were overgrown by crystallographically 
determined zonation patterns. In the rhyolites plagioclase often forms glomeroporphyritic aggre-
gates together with mafic minerals. Frequently, sieve textures cut right through grain boundaries 
in such glomeroporphyritic aggregates (Fig. 11.13). Aggregates of tiny rectangular to tabular pla-
gioclases are rare. In these aggregates the crystal size of plagioclase increases towards the margins. 
These aggregates are similar to those found at Ngongotaha Dome (Section 10.4.6 on page 235) 
which are interpreted as quartzofeldspathic xenoliths derived from underlying ignimbrites. 
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Figure 11.8: Distribution map of the abundance of quartz phenocrysts in the biotite rhyolite. A vague tendency 
is given with a lower quartz content for Ruawahia and Tarawera Dome as compared to the Wahanga Dome. This 
tendency, however, is not confirmed by the total phenocryst abundance and that of plagioclase. 
The composition of plagioclases as de-
termined with the microscope using twin-
ning laws is in the range of An29-4o . This is 
consistent with microprobe data which give 
a composition range of An~2o_48 (data are 
listed in Appendix G.4 on page 489). Fig. 
11.9 shows a plot of the composition range 
of plagioclases from the Wahanga Dome 
(TW- 1 and TW- 14) and Ruawahia Dome 
(TR- l and TR- 3). An overall trend of 
normal zonation is visible although plagio-
clases frequently show a marked oscillatory 
zonation. The plot also includes spherulite 
and glass compositions for these samples. 
Although only a few data points are plot-
ted, the trend in composition from plagio-
clase phenocrysts via spherulites to glass is 
similar to that found at N gongotaha Dome 
(see Fig. 10.50 on page 226). 
An 
• plagioclase core 
o plagioclase zone 
o plagioclase rim 
o spherulite (TW) 
• glass (TW) 
f:, spherulite (TR) 
• pf:, ~ lIP t;l 
AbL-----------~~~~~--------~ Or 
Figure 11.9: Composition of plagioclases, spherulitic growth 
forms and glass matrix in the An- Ab-Or system. Plagioclases 
were analysed for the Wahanga Dome (TW-I and TW-14) 
and Ruawahia Dome (TR-I and TR-3). 
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Figure 11.10: Aggregate of eu- to subhedral plagioclases with extensive sieve textures in the cores set in a 
spherulitic to felsitic matrix. The sieve texture is formed by tabular to rectangular shaped melt inclusions. 
Sample TW-8. Length of view: ",3.8 mm. 
Figure 11.11: Euhedral plagioclase phenocryst with a sieve-textured rim which follows crystallographically defined 
crystal faces. The melt inclusions are more regular in shape and size than in the sieve texture shown in Fig. 
11.10. Sample TW-7. Length of view: ",3.8 mm. 
Figure 11.12: Oscillatory zonation in a large plagioclase phenocryst which entrapped two smaller plagioclases 
during its growth. Sample TW-1. Length of view: ,.,.,3.8 mm. 
Figure 11.13: Large glomeroporphyritic aggregate of plagioclase showing sieve textures which are restricted to 
individual crystals but also cut across neighbouring crystals. Sample TW-8. Length of view: ",3.8 mm. 
Figure 11.14: Aggregate of numerous tiny tabular plagioclase crystals with interstitial recrystallised melt. The 
crystal size becomes larger towards the rim. The aggregate consists completely of plagioclase with minor 
opaques. Sample TR-3. Length of view: ,.,.,1.9 mm 
Figure 11.15: Same view as in Fig. 11.14 in crossed-polarised light. 
Quartz 
The abundance of quartz ranges from 6.2-10.9 modal-%. The phenocrysts are eu- to subhedral and 
commonly show embayments and minor rounding. Frequently, the embayments are very deep and 
narrow going through half of the crystal. The crystal size ranges widely but is. commonly between 
0.9 and 1.6 mm, with a maximum crystal size of 2.7 mm. Curved cracks are generally present in 
the quartz phenocrysts and some extend into the surrounding glass matrix. 
In some thin sections two types of quartz were observed in C.P.L. which may indicate the 
presence of two groups. While one group has the typical quartz extinction pattern, the other group 
has an extinction 'texture' very similar to that of alkali-feldspar. For the second group all other 
optical properties are that of quartz. No explanation has yet been found for this phenomenon. 
Biotite 
The abundance of biotite ranges from 0.5-4.1 modal-%. Biotite is generally euhedral (Fig. 11.17) 
with a few grains showing resorption in the form of small embayments. Frequently, these embay-
ments are filled with small quartz and plagioclase grains. The biotite is fresh although rare opaque 
rims occur. In one thin section a complete replacement was observed (TR-9). Biotite often in-
cludes opaques (magnetite), zircon, apatite and tiny plagioclase crystals (Fig. 11.16). The crystal 
size of biotite ranges considerably and has a maximum length of 1.88 mm. However, most biotite 
phenocrysts are between 0.7 and 1.3 mm long. In general, biotite occurs as individual crystals 
in the ground mass although it is also found in glomeroporphyritic aggregates. In a few instances 
biotite has been observed to form intergrowths with hornblende (Fig. 11.19) which points to a 
contemporaneous crystallisation of the two hydrous mineral phases. These intergrowths are not 
accompanied by any alteration. 
At Wahanga Dome, two biotite types are distinguishable based on optical properties. COLE 
(1966) described the yellow-brown-brown-dark-brown pleochroic variety as 'normal' biotite and 
the reddish-green-reddish-brown-dark-reddish-brown pleochroic variety as 'ferrian' biotite (Fig. 
11.17). At Ruawahia Dome only the first biotite has been found, whereas at Crater Dome only the 
second type is present. Results of microprobe analyses of the 'normal' biotite are given in Appendix 
G.9 on page 505. Their compositions are identical at the Wahanga and Ruawahia Domes. In many 
samples biotite shows deformations such as bending, kinking and bookshelf-like displacements 
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Figure 11.10 Figure 11.11 
Figure 11.12 Figure 11.13 
Figure 11.14 Figure 11.15 
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Figure 11.16: Fresh, euhedral biotite and hornblende phenocrysts in a FVP sample. Biotite frequently includes 
magnetite, zircon, apatite and tiny plagioclase crystals. Sample TW-1. Length of view: "",1.9 mm. 
Figure 11.17: Two biotite types with different pleochroic schemes in the biotite rhyolite at Wahanga Dome. 
The reddish-olive-green biotite was described as a 'ferrian' biotite by COLE (1996) and the reddish-brown 
biotite as 'normal' biotite. Sample TW-2. Length of view: "",1.9 mm. 
Figure 11.18: Bookshelf-like displacement of an euhedral biotite indicating a local dextral shear sense. Sample 
TW-4. Length of view: "",0.48 mm. 
Figure 11.19: Intergrowth between biotite and hornblende pointing to a contemporaneous crystallisation of the 
two hydrous mineral phases. Sample TW-Sa. Length of view: "",0.95 mm. 
Figure 11.20: Euhedral hornblende phenocryst with inclusions of tiny plagioclase and magnetite. Sample TW-ll. 
Length of view: "",0.48 mm. 
(Fig. 11.18), or they are split open. Samples with deformed biotite phenocrysts include finely-
vesicular pumices near the dome margins (FVP) as well as crystalline rhyolites with a spherulitic 
matrix (RHY) in the dome interior~. 
Magnetite 
Magnetite is present in all samples and is in general euhedral (4- to 6-sided) to subhedral. Often 
it is slightly rounded and only rarely shows irregular shapes. It occurs as individual crystals set in 
the matrix and also as inclusions in all other phenocrysts. Magnetite shows a rather restricted size 
range (0.2-0.4 mm in diameter). 
Amphibole 
In most samples hornblende occurs as a minor phenocryst phase with one to four grains present 
per thin section. In general, the amphibole is fresh and euhedral (Fig. 11.20), but may have a thin 
opaque alteration rim. Some amphiboles are broken or fragmented, others slightly rounded, and 
rare strongly corroded amphiboles have been observed. The crystal size of amphibole ranges from 
0.4 to 2.4 mm in length for euhedral crystals. Amphibole tends to include magnetite, biotite, tiny 
plagioclase crystals and rarely glass. Occasionally, it is intergrown with biotite (Fig. 11.19). 
Amphibole has a strong pleochroism (pale to dark brown) and frequently shows a symmetric 
twinning. Optical properties point to hornblende or oxyhornblende, a distinction between the two 
is not possible under the microscope. Microprobe data indicate a hornblende composition with 
cummingtonitic and actinolitic tendencies (classified according to HAWTHORNE, 1981; results are 
listed in Appendix G.8 on page 504). Cummingtonite has been described in rhyolites of the Okataina 
caldera complex where it was formed from low-temperature ("",750°C) melts at p ::;3 kbar (::;10 km 
depth, close to water saturation) probably in the roof zone of silicic magma chambers (STEWART 
& WALLACE, 1992). 
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11.3 Geochemistry 
Geochemical analyses were done with the mam aim to identify possible elemental distribution 
patterns within each dome or between the domes. Systematic distribution patterns for certain 
elements may give answers to the magma chamber geometry in relation to the eruption sequence. 
Also investigated is whether the eruption sequence established by COLE (1966) is expressed in a 
systematic spatial variation of chemical elements. Therefore, 39 samples from all four domes were 
analysed by XRF. The results are listed in Appendix F. First, the rhyolites are characterised 
geochemically and than the distribution patterns of the elements are investigated. 
Geochemically, the rocks forming the three domes are per- to metaluminous, medium-K calc-
alkaline, high-Si02 rhyolites (figs. 10.32a, c and d on page 203) showing arc-related features (Fig. 
1O.32b on page 203). Such characteristics are typical for rhyolites in the TVZ (see discussion in 
Section 10.3 on page 202 for a brief comparison with average TVZ rhyolites). 
Major and trace elements 
Selected bivariate major element oxide and minor element plots are given in Fig. 11.21. Hydrother-
mally altered samples as well as the baked rhyolite (TW-6) are not included in the plot. The three 
domes show a very restricted range of silica abundance (75.7-76.5 wt-%). The Ruawahia Dome 
has a slightly wider silica range than the Wahanga Dome. The other two domes are represented 
with one sample each. The sample from the Tarawera Dome plots in the range of silica contents for 
Wahanga and Ruawahia Dome. In terms of silica content, the sample of the earliest dome, Crater 
Dome (TC-1), has the lowest silica content which would be expected if all the domes were erupted 
from the same magma chamber without any significant time break. However, the silica content of 
the other three domes is virtually identical. More samples from the Crater and Tarawera Dome are 
necessary to investigate a possible correlation between eruption sequence and chemical composition. 
Both, the major element oxides and trace elements show a scatter in the variation diagrams 
with no or very weak correlations with increasing Si02 (Fig. 11.21). In many variation diagrams 
the distribution patterns of the Wahanga and Ruawahia Dome are identical, particularly for major 
element oxides. There is slightly higher Ba and a slightly lower Zr and Sr for the Ruawahia Dome 
as compared to the Wahanga Dome. However, the variation diagrams show that the four domes 
have no characteristic chemical fingerprints which could be used to distinguish between them. 
Distribution patterns of chemical elements 
Distribution maps have been produced for all major element oxides and trace elements. However, 
neither the major element oxides nor the trace elements show a systematic distribution pattern 
between domes or within each dome. Two ·examples of such distribution maps are given in Fig. 
11.22 which show the distribution of silica and strontium. 
In summary, the geochemistry of the rhyolites shows no systematic variation in the variation 
diagrams as well as no systematic distribution patterns in the distribution maps which could be 
related to the eruption sequence of the domes or to the dome structures itself. 
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of Mt Tarawera rhyolitic rocks (normalised to 100 wt-%, volatile-free, all samples with <1.2 wt-% LOI). 
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11.4 Lithologies 
The description of main lithologies of the domes at Mt Tarawera is restricted to Wahanga and 
Ruawahia Domes. For both domes sufficient samples could be collected to obtain a good cross 
section of each dome. A macroscopic description of the samples (hand specimens) is given in 
Appendix D.2 on page 415 and detailed thin section descriptions are found in Appendix D.6 on 
page 435. First, the distribution of the main lithologies at the domes is discussed followed by a 
description of the lithologies. 
11.4.1 Distribution of lithologies 
The interpretation of the distribution of lithologies is based on the exposure levels due to the craters 
formed when the 1886 basaltic fissure eruption that cut through the domes. The fissure cut through 
the southeastern side of Wahanga Dome and right through the middle of Ruawahia Dome. 
Both Wahanga and Ruawahia Dome are very similar in terms of the distribution of lithologies. 
As has been found for the Ngongotaha Dome, the lithologies are distributed concentrically and 
appear to follow the outline of the dome. At both domes the main lithologies are formed of finely 
vesicular pumice (FVP), crystalline rhyolite (RHY) and basal breccias (BB). 
No carapace breccia (CB) was at the dome surface although it forms a wide and steep talus 
around the domes. The absence of CB from the top surfaces could' be due covering by the 1886 
eruption products. Furthermore, no well defined obsidian layer has been found at the exposures in 
the craters. This was also the case for the upper obsidian (U.OBS) layer at parts of the Obsidian 
Dome and the lower obsidian (L.OBS) layer at the Banco Bonito flow, United States (MANLEY & 
FINK, 1987a). MANLEY & FINK (1987a) argued that in thick and/or long rhyolite flows or in flows 
with thick layers of basal breccia the RHY extends right down to the basal breccia without the 
development of the lower obsidian layer. STEVENSON (1994b) suggested that for thick (>100 m), 
high-silica rhyolite lavas the coarsely vesicular pumice (CVP) layer is absent as a continuous layer. 
11.4.2 Description of lithologies 
The lithologies and lithological variations are identical from dome margin towards the interior in 
both domes and are therefore discussed together. This sequence is characterised by finely vesicu-
lar pumice which towards the RHY develops first tiny and sparse and then larger and abundant 
spherulites until the entire matrix is characterised by spherulitic growth forms. Still further to-
wards the interior the spherulites are smaller again and set in a felsitic/poikilitic matrix which 
finally dominates the rhyolite in the dome centre. This transition is depicted in the next two photo 
plates of matrix textures. 
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Figure 11.23 Figure 11.24 
Figure 11.25 Figure 11.26 
Figure 11.27 Figure 11.28 
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Figure 11.23: Finely vesicular pumice at Wahanga Dome. Domains of glass alternate with domains of pumiceous 
structure which are characterised by highly stretched and collapsed vesicles. Sample: TW-7. Length of view: 
",,3.8 mm. 
Figure 11.24: Finely vesicular pumice at the Wahanga Dome with a general flow layering as defined by the 
stretching direction of vesicles and parallel alignment of the phenocrysts. Sample: TW-13. Length of view: 
",,1.9 mm. 
Figure 11.25: Highly variable form of vesicles in the fin~ly vesicular pumice. Only slightly elongated vesicles in 
the more glassy domains and in the 'shadows' of phenocrysts are found next to domains of highly stretched 
vesicles. Sample: TR-19. Length of view: ",,3.8 mm. 
Figure 11.26: In the FVP glasses of various types occur 'intermingled' with each other. The darker glass has a 
high abundance of microlites while in the colourless glass the microlites are virtually absent. Sample: TW-14. 
Length of view: ",,3.8 mm. 
Figure 11.27: Towards the dome interior the vesicles are commonly collapsed and there is spherulitic growths. 
Spherulites nucleate first at phenocrysts and along shear planes in the matrix. Sample TW-14. Length of 
view: ",,3.8 mm. 
Figure 11.28: Further inwards the abundance of vesicles increases and frequently two spherulite types can be 
distinguished. Sample: TR-1. Length of view: ",,3.8 mm 
Finely vesicular pumice (FVP) 
The finely vesicular pumice layer forms the outermost layer of the domes and is rather inhomoge-
neous in texture. These inhomogeneities could not be related to any specific position within the 
layer. The thickness of the FVP varies considerably within a dome but, in general, is between 13-20 
m thick and is characterised by a mainly colourless glass with a high abundance of highly stretched 
vesicles (Fig. 11.24). The vesicles are commonly not collapsed. 
In many places, however, alternating domains of glass and pumice occur next to and grade into 
each other (figs. 11.23 and 11.25). The glassy domains are colourless and frequently show a fracture 
system which in places resembles perlitic cracks (Fig. 11.23). In a few places two types of glass 
can be distinguished, which differ markedly in the presence and absence of microlites (Fig. 11.26). 
The two glasses always have a sharp contact which is commonly straight but locally shows an 
'intermingling' due to the shear movement during lava flowage (Fig. 11.26). The contact between 
the glasses is fresh and occasionally forms the nucleation site for tiny spherulitic growths. 
The glassy domains are commonly vesicle-free or -poor. Vesicles present are not highly stretched 
but are equidimensional or slightly elongated with an aspect ratio of ~2 (Fig. 11.25). In the glassy 
domains vesiculation obviously played only a minor role. Vesicle growth in the glassy domains was 
also not affected by the shear movement of the otherwise pumiceous froth which may indicate that 
movement occurred in the pumiceous domains while the glassy domains did not actively participate. 
The porosity ofthe FVP varies widely (7.86-39.28%, data are listed in Appendix J on page 543), 
and is attributed to the variable state of stretched vesicles and contributions of glassy domains. No 
systematic change in porosity within the FVP layer could be found. The vesicle sizes are very 
variable ranging from <1 mm in length to up to 2+ cm. Similarly, the aspect ratios of the vesicles 
(length/width) vary widely from :::::::1 to 60( +). 
Therefore, although the FVP layer is well defined in the field and under the microscope, it shows 
many irregularities which could not be related to any systematic variations within the FVP layer. 
The transition to the crystalline rhyolite (RHY) in the dome centre is gradual and marked 
275 
CHAPTER 11. MOUNT TARAWERA VOLCANIC COMPLEX 
by a steady increase in amount of spherulites and a higher abundance of collapsed vesicles. The 
thickness of the transition zone varies widely and is in the range of 3-10 m. The transition zone is 
defined by the onset of the first tiny spherulites (Fig. 11.27) until the matrix is dominated by large 
spherulites with few patches of glass left in the interstices (figs. 11.31 and 11.32). Fig. 11.28 shows 
a sample well within this transition zone. Here, spherulitic growth is defined by two spherulite 
types, both of which nucleated at phenocrysts, .along shear zones as axiolitic growth and in the 
matrix at impurities such as tiny vesicles or microlites. Within the transition zone the vesicles 
become increasingly collapsed (compare figs. 11.24 and Fig. 11.27), but the glass never becomes 
homogenous such as in an obsidian, and few equidimensional and irregularly shaped vesicles are 
present. 
Three features of the FVP and the transition zone FVP /RHY are discussed in more detailed. 
First, the nature of the glass is attributed followed by a description of microlites and then spherulitic 
growth forms. 
Characterisation of the glass 
Most of the glass of the FVP and the transition zone FVP /RHY is colourless and microlite-free (or 
microlite-poor). Few glass domains are characterised by a high abundance of micro lites whereby the 
amount of microlites determines the colour of the glass in hand specimens and under the microscope. 
The results of microprobe analyses of two glass samples (TW-1 and TW-14) are listed in Ap-
pendix G.12 on page 511 and plotted in the An-Ab-Or ternary system in Fig. 11.9 on page 265. 
In Fig. 11.9 the glass of the Wahanga Dome forms a separate cluster from the compositions of 
plagioclase and spherulites. The distribution of the spherulite and glass clusters in the ternary sys-
tem is similar to rhyolites at Ngongotaha Dome which have only the brownish spherulites (compare 
with Fig. 10.37 on page 211; samples NQ-42 and NQ-50). The brownish spherulites at Wahanga 
Dome and Ngongotaha Dome are optically and compositionally similar. It appears therefore likely 
that certain spherulite types in glassy/pumiceous rhyolites indicate specific growth environments. 
However, more detailed comparative work is necessary to generalise this assumption. 
The glass structure can be described 
by the NBO/T ratio (see Section 3.1.2 on 
page 22). NBO/T ratios have been calcu-
lated for the two analysed samples (result 
are listed in Appendix H on page 528) and 
range from 0.077 to 0.095 with an average 
of 0.085. The average is higher than that 
calculated for the glasses at N gongotaha 
Dome (0.060; range of 0.043-0.087) but 
falls within the average of rhyolite glasses 
as given by MYSEN (1988; 0.031 ± 0.052). 
The higher average NBO /T ratio of the 
Wahanga Dome glasses as compared with 
glasses from the Ngongotaha Dome can be 
explained by slightly higher Mn and lower 
Ti02 contents in the glasses at Wahanga 
14.0r-------= ___ = __= ____ =_ -=-----=====:=-=:::::::::-:;l 
-- SCHULZE etal. (1996) 
- -- HESS & DINGWELL (1996) 
-- BAKER (1996) en 12.8 
$=" 11.6 
0> 
o 
£ 
C3 
o (/) 
5> 
10.4 
9.2 
-- SHAW (1972) 
rheological T 9 
~ ~ ~ 8 
8.0 '----l----r-------''O'-'-'O-i-'--''--'L-,---------,_----,_-----,--_----,-_---,-----i 
630 660 690 720 750 780 810 840 870 900 
Temperature [Oel 
Figure 11.29: Comparison of different methods to estimate 
viscosities and determination of the rheological defined glass-
transition temperature. See text for discussion. 
Dome. Titanium is four-fold coordinated and acts as a polymeriser whereas manganese is a net-
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work modifier and bonds with non-bridging oxygens-those resulting in higher NBOjT ratios. 
The glass-transition temperature has been determined using the viscosity (see Section 10.4.7 on 
page 236 for a similar discussion at Ngongotaha Dome and for all involved references). Fig. 11.29 
compares different methods of estimating viscosities. The viscosities were calculated using the 
average chemical composition of Mt Tarawera rhyolites based on 0.1 wt-% water (see Table ILIon 
page 284), and are comparable to those of Ngongotaha Dome (Fig. 10.54 on page 236). All derived 
glass-transition temperatures are also comparable, but slightly lower than those for Ngongotaha 
Dome. The method of HESS & DINGWELL (1996) was chosen since the rhyolite compositions 
used in their experiments are very similar to those of Mt Tarawera rhyolites. Using this method a 
glass-transition temperature of 700°C is estimated which will be used for further modelling. This 
T g-value is slightly lower than the 711°C derived for rhyolites at the Ngongotaha Dome. 
Microlites 
Microlites are not abundant in the glasses of the domes at Mt Tarawera and occur only in a few 
samples. Both Wahanga and Ruawahia Dome show the same microlite types although they differ 
slightly in size. Two microlite types occur at both domes, while at Ruawahia Dome a third type 
was found. 
The dominant microlite type consists of slender needles ranging in size from 40-70 /-lm at 
Wahanga Dome and from 1-5 /-lm at Ruawahia Dome. A size range from 5-20 /-lm is common 
to both domes. It was not possible to positively identify the mineralogy of the microlites. The 
slender microlites occur in the FVP as well as RHY unit. The size ranges are not related to any 
preferred positions within the domes. A second minor type of microlite consists of more equant, 6-
to 8-sided (pyroxene?) prisms of 6-10 /-lm diameter. The stout prisms are set individually in the 
matrix without forming chains such as at Ngongotaha Dome. In sample TR-4 at Ruawahia Dome 
rare trichitic, 'spider'-like microlites have been found which are .-vl0 /-lm in diameter. 
The slender needles and stout prisms are fresh in the pumiceous glass but opaque in the 
spherulitic matrix. The crystallisation and growth of anhydrous minerals comprising the spherulites 
apparently changed the physico-chemical environment in terms of water activity and oxygen fugacity 
which resulted in corrosion and oxidation-in the case of pyroxene-of the microlites. In general, 
the slender prisms are flow aligned and wrapped around phenocrysts. They run right through 
spherulitic growth forms although occasionally deflect around spherulites. 
Since no difference in the size distribution of microlites has been found for more quickly cooled 
dome sections (FVP) and more slowly cooled sections (RHY) it is suggested that the microlites 
started growing in the conduit before the extrusion of the domes. 
Spherulitic forms 
Spherulite forms are not as varied as seen at Ngongotaha Dome and commonly only two types occur. 
The spherulites are discussed in the order of formation which coincides with their appearance in 
the transition zone from the FVP to the RHY. 
First to form and closest to the FVP proper are small light- to middle-brown spherulites (figs. 
11.16 on page 268 and 11.27 on page 275). They occur either individually in the matrix or nucleated 
at phenocrysts. Fibre diameters are well below 1 /-lm. This spherulite type becomes more widespread 
and occupies large proportions of the matrix further towards the interior of the dome. Frequently, 
it stays clear off mafic phenocrysts and the other spherulite type leaving a glassy rim around them 
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Figure 11.30: The texture of a sample in the transition zone FVP /RHY is characterised by an increase in the 
spherulite abundances. Spherulites are often of two types. One type is concentrically zoned, grows in the matrix 
and has discernable fibre diameters. The fibres of the second type are not resolvable under the microscope. 
Spherulites of the second type generally leave a clear rim around mafic minerals and the first spherulite type. 
Sample: TR-21. Length of view: ,....,3.8 mm. 
Figure 11.31: Large concentrically zoned spherulites near the RHY unit. The spherulites generally form a mosaic 
pattern. Occasional voids are commonly lined with tridymite. Sample: TR-22. Length of view: ,....,3.8 mm. 
Figure 11.32: Axiolitic spherulites nucleated along shear planes and independently of the mosaic-forming con-
centrically zoned large spherulites. Sample: TW-3. Length of view: ,....,3.8 mm. 
Figure 11.33: A RHY sample just above the basal breccia showing fractures filled with phenocryst fragments. 
Sample: TW-4. Length of view: ,....,3.8 mm. 
Figure 11.34: Hydrothermal breccia with well developed round vesicles in a bright red oxidised matrix. Sample: 
TR-17. Length of view: ,....,3.8 mm. 
Figure 11.35: Hydrothermal breccia with a high abundance of phenocryst fragments in the matrix. Sample: 
TR-17. Length of view: ,....,3.8 mm. 
(Fig. 11.30). Spherulites occurring as individuals in the matrix show a radiating structure whereas 
in areas formed by mosaics of this spherulite they are of half-sphere and sheaf-like shapes. 
The second spherulite type occurs further inwards at some distance from commencement of the 
first type. It is commonly much larger and concentrically zoned. The zonation patterns vary widely 
with alternating zones of light- and dark-brown spherulitic growths. The second type may form 
contemporaneous to the first type. As can be seen in Fig. 11.30 the two spherulite types occur 
together with the second type having formed earlier. 
The second type also has radiating branches of opaque and/or red-brown dendritic forms (Fig. 
11.31). The nature of the mineral is not clear but it is probably an iron oxide such as magnetite 
and hematite. The two may occur together and hematite may form by oxidation of the magnetite. 
The second spherulite type becomes larger towards the interior and their abundance also in-
creases. Maximum sizes are up to 2 mm. However, the fibre diameters remain very small, rv 1 /-Lm. 
Finally, closest to the RHY layer, the spherulites form a polygonal mosaic in which the spherulite 
diameters vary considerably. 
Identical in optical properties to the second spherulite type are axiolitic forms. They are there-
fore considered to belong to the same type. As can be seen in Fig. 11.32 the axiolitic spherulites 
grow independently from the round spherulites and sometimes it appears that the round spherulites 
nucleated at the tips of some axiolitic sheafs. 
Although no calculations of the growth rates have been done for the spherulites at Wahanga 
and Ruawahia Domes, comparison with similar spherulitic forms at Ngongotaha Dome suggest very 
quick growth rates of approximately one to several days (Table 10.2 on page 227). 
The transition to the RHY unit of the dome centres is marked by the first appearance of felsitic 
textures in the interstices between spherulites, as well as a change in the spherulite nature. 
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Figure 11 .30 Figure 11.31 
Figure 11.32 Figure 11.33 
Figure 11.34 Figure 11 .35 
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Crystalline rhyolite (RHY) 
RHY is marked by a felsitic/poikilitic to spherulitic matrix. At the outer zones of the RHY a felsitic 
texture is present in the interstices between spherulites. Towards the dome centre the spherulites 
become gradually smaller and the area occupied by the felsitic texture accordingly increases (Fig. 
11.10 and 11.13 on page 266). This change in matrix texture is similar to the 'granophyric/granitic ' 
stage of the experiments by LOFGRE)I (1971b; see page 63) which was interpreted as a recrystalli-
sation of a spherulitic matrix. This texture indicates high emplacement temperatures and slow 
cooling rates which are found in the centres of rhyolite domes and flows. 
In the central part of the RHY unit (or central part of the dome) the matrix is completely 
felsitic to poikilitic without any traces of spherulites. Commonly, no distinction between felsitic 
and poikilitic texture is possible since the two intergrade into each other. 
The transition to the underlying basal breccia is marked with the onset of fractures which are 
filled with phenocryst fragments and comminuted matrix material (Fig. 11.33). 
Basal breccia 
The basal breccia has been found in all craters where access was possible, i.e. , all but Crater 6 
exposing Crater Dome. The presence of basal breccias indicates that the craters cut right through 
the domes exposing the lowermost parts. This is important for further cooling modelling since dome 
heights can be estimated. 
The extent of breccia exposure in the craters depends largely on the height of the rubble scree. 
But in general at least three to seven metres of basal breccias are exposed in each crater. The 
RHY Ibasal breccia boundary is often wavy. This occurs particularly next to 'onion skin' structures 
where the breccia forms two mounds to either side of the 'onion skin' structure (figs. 11.6 on page 
263 and 11.37) . 
Fig. 11.36 shows a typical breccia with 
large subangular to rounded pumiceous and 
crystalline rhyolite blocks set in a matrix 
which ranges ·from small clasts to very fine 
material. Pumiceous material (FVP) forms 
the main component of the basal breccia 
and was incorporated by the overriding of 
talus material due to flow advance. In a 
number of places the fine matrix material 
shows a reddish coloration which is proba-
bly due to oxidation. 
At the floors of Craters 1 and 2 (Wa-
hanga Dome) the basal breccia also can-
tains clasts of the underlying Waikakareao 
Figure 11 .36: Typical basa l breccia of the Wahanga Dome, 
Crater 1. 
lavas (samples TW- 5b and TW- 10) which are distinctly different from the rhyolites of the Wahanga 
Dome since they consist of hypersthene rhyolite with a much lower crystal content. This indicates 
a position at or j ust above the very base of the Wahanga Dome. 
Basal breccias of the Ruawahia Dome are exposed at the base of a narrow gully on the SW- face 
in Crater 3 and along the scree tops in Craters 4 and 5 on either side of the craters. At the SW- end 
of Crater 5, in between the locali t ies of samples TR- 23 and TC, breccia is exposed high up on the 
280 
11.5. ALTERATION 
cliff and may be traced down to the crater floor. This breccia is interpreted as the talus scree of 
Crater Dome. Sample TC itself is a FVP sample. 
Summary 
Three main lithologies can be identified 
at Tarawera which are the finely vesicular 
pumice (FVP), crystalline rhyolite (RHY) 
and basal breccia. Fig. 11.37 schematically 
shows the distribution of the lithologies at 
'onion skln' structure transijion FVP/RHY 
Wahanga Dome as seen on the NW-faces of Figure 11.37: Schematic diagram showing the distribution of 
Craters 1 and 2. The overall distribution of the main lithologies at Wahanga Dome. See text for discus-
the lithologies follows the dome shape sim-
ilar to Ngongotaha Dome. FVP forms the 
sion. 
outermost unit enveloping RHY. The transition zone FVP /RHY is marked by a steady increase in 
spherulite content and a decrease in the pumiceous character. The outer regions of the RHY are 
dominated by a spherulitic matrix forming a polygonal mosaic. Towards the centre of the RHY 
the spherulites gradually give way to a felsitic to poikilitic texture. At all domes basal breccias 
are exposed indicating an outcrop level close to the dome base. The presence of a dome lobe is 
indicated by an 'onion skin' structure as shown in figs. 11.5 on page 263 and 11.37. The dome lobes 
influence the distrib\ltion of the lithologies as the top of the basal breccias rises on either side of 
the 'onion skin' structure. The other lithologies do not appear to be influenced by the dome lobes 
indicating that their distribution is determined by the cooling of the entire dome. 
11.5 Alteration 
Alteration at Mt Tarawera Domes is related to the emplacement of the domes. This discussion is 
restricted to hydrothermal alteration. Eight samples were collected that show strong coloration or 
discoloration which frequently is accompanied by some sort of disintegration of the rock. 
Sampling was carried out in Craters 3 and 4 in which hydrothermal alteration may be associated 
with the emplacement of the Ruawahia Dome. Alteration was observed in the small depression at 
the south end of Crater 3, along the ridge between Craters 3 and 4 and at the north end of Crater 
4. All samples were strongly coloured: yellow-brown (TR-4*), green (TR-5), red-brown (TR-6) 
and bright red (TR-17). The first three samples are slightly disintegrated while TR-17 represents 
a hydrothermal autobreccia. 
Geochemically, the hydrothermally altered samples show a marked loss of sodium and barium 
and a gain in iron, zinc, and niobium. All other element concentrations are in the range of unaltered 
rhyolites. 
XRD analyses l show no marked change in the mineralogy. All main peaks in the diffraction 
patterns could be matched to high-temperature feldspars (albite to oligoclase) and tridymite. The 
only new mineral phase identified was hematite which, however, was represented only by small peaks. 
Relative peak intensities for hematite are slightly different for the analysed samples suggesting 
lResults are not presented in the Appendix since at the time of analysis the diffractometer at the department was 
not yet computerised and the X-ray diffraction patterns are in the form of lengthy charts. 
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different hematite concentrations. A few tiny peaks could not be matched but likely belong to 
feldspar phases transitional between high- and low-temperature forms. In addition, all XRD samples 
were analysed for kaolinite and mixed sheet silicates, but none was found. 
The observed hematite peaks in the X-ray diffraction patterns are consistent with the gain 
in iron and zinc. Loss of sodium may be due to leaching of the pumiceous glass since sodium is 
an element readily mobile during alteration. The observed marked colour differences may be due 
to varying hematite contents, different oxidation states of iron and/or the presence of traces of 
unidentified iron oxides. 
The XRD results are very similar to those of hydrothermally altered samples at Ngongotaha 
Dome (see Section 10.5 on page 239). Hydrothermal alteration at Ngongotaha Dome occurred 
mainly near the dome base (lowermost exposed dome section) and the mineralogy consists of dis-
ordered feldspars, tridymite and minor hematite-very similar to that found beneath Ruawahia 
Dome. 
Sample TR -17 represents a hydrothermally altered sample from further inside the dome but 
still close to the dome base. Figs. 11.34 and 11.35 on page 278 show the varying character of this 
hydrothermal breccia. The clasts are predominantly composed of FVP material which appears not 
to be affected by the alteration. The pumiceous glass is not altered and the phenocryst within the 
pumice clasts show only minor fragmentation. The breccia matrix is dark red-brown and varies 
from a high abundance of phenocryst fragments to a high abundance of well rounded vesicles. Only 
minor amounts of glass fragments are preserved in the breccia matrix which itself probably consists 
of finely comminuted pumiceous glass. The gas phase necessary for the formation of the rounded 
vesicles could have been carried with the hydrothermal fluid/vapour phase and/or could also have 
been derived from the pumice itself. The equidimensional shape of the vesicles points to formation 
after brecciation. The red colour of the matrix is due to oxidation and the presence of minor 
hematite (see above). The breccia is probably an autobreccia since no other lithologies are present 
as clasts. 
11.6 Flow structures 
In this section macroscopic flow structures are discussed to help outline the structure of the domes 
or dome lobes. The flow structures consist of flow layering, 'onion skin' structure and folds. At 
the outcrops, flow layering is visible only on slightly weathered surfaces where it is expressed as a 
faint and coarse colour banding. In FVP flow layering is evident in the flattening of the vesicles. 
However, access to many parts of the cliffs was limited, and in places measurements could not be 
taken due high vertical cliff faces. The presence of basal breccia at the bottoms of the cliffs also 
precluded measurements of the flow layering for the overlying RHY. 
'Onion skin' structures proved to be valuable in outlining dome lobes (see Section 7.1.2 on page 
107). Two dome lobes could be identified. The 'onion skin' structure on the NW-face of Crater 2 
is a good example (Fig. 11.5 on page 263). The second 'onion skin' structure is located on the NE-
face of the Ruawahia Dome in Crater 3. This structure is not as well defined as at Wahanga Dome, 
but a repetition of ellipsoidal fracture planes suggest the presence of an 'onion skin' structure. 
A few large scale flow folds are present at the base of the RHY unit in Craters 4 and 5 just 
above the basal breccia. Fold amplitudes are on the order of 2-5 m. The flow folds are often 
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marked by joints following the flow layering similar to the 'onion skin' structure rather than colour 
differences or differences in crystallinity. Similar large-scale folds have been observed at the base of 
Ngongotaha Dome (see 10.29 on page 198 and Fig. 10.31 on page 200). The fold axes of Ruawahia 
Dome have no systematic orientation to each other or in relation to the dome structure. The flow 
folds in general indicate compression, especially at the dome base. 
Figure 11.38: Orientation of the flow layering (dip and strike) and location of 'onion skin' structures (marked by 
thick grey lines). The arrow on the dome lobe at Wahanga Dome indicates its likely extrusion direction. 
Fig. 11.38 summarises the orientation of the flow layering as measured in the field. At Wahanga 
Dome the flow layering apparently outlines the dome nicely, especially at the spine-like structures 
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along the dome top surface. The 'onion skin' structure on the NW-face of Crater 2 is clearly visible 
by the orientation of its flow layering. The arrow indicates the inferred flow direction of the dome 
lobe based on the apparent closure direction of the 'onion skins'. The two measurements to the left 
of the 'onion skin' structure outline a spine. 
At Ruawahia Dome the flow layering roughly outlines the dome shape although not as well as 
at Wahanga Dome. At the top surface of Ruawahia Dome a few ridges give orientations for the flow 
layering inconsistent with the general dome outline. Similar ridges on the top surface of Tarawera 
Dome interrupt the general pattern of flow layering. The flow layering outlines the dome lobe at 
Tarawera Dome and is oriented towards the southeast. 
11.7 Dome morphologies and cooling history 
In this section the overall morphologies of the domes at Mt Tarawera are discussed and dome growth 
models are derived. These growth models are compared to recent dome growth simulations (Section 
8.4 on page 145). Comparisons are also made to the dome growth model for Ngongotaha Dome. 
The last part of the section discusses the implication of the cooling model on the development and 
distribution of the FVP and RHY units. 
11. 7.1 Morphology and dome growth models of the domes 
All three main domes at Mt Tarawera-Wahanga, Ruawahia, and Tarawera Dome-form prominent 
topographical features (cf. Fig. 2.3 on page 7 and Fig. 11.2 on page 261) and their outlines are well 
defined. Critical to the establishment of the morphological parameters are the presence of basal 
breccias in all investigated craters. Basal breccias indicate the close proximity to the actual dome 
base. Comparison with other rhyolite domes and flows shows that basal breccias have a thickness 
between 10-20 m (e.g., BONNICHSEN & KAUFFMAN, 1987; SUMNER, 1995a, 1995b). Up to seven 
metres of basal breccias are exposed in the craters. Table 11.1 summarises the morphological 
parameters which are briefly discussed in the following. 
Table 11.1: Summary of the morphological parameters of the three main domes at Mt Tarawera. Also included 
are the aspect ratios (height:radius) and calculated yield strength. The estimated maximum and minimum dome 
radii are given. See text for discussion. 
Dome Height [m] Radius [m] Aspect ratio Yield strength [x 105 Pal 
Wahanga Dome 180 max. 540 0.33 4.5 
min. 460 0.39 5.3 
Ruawahia Dome 150 max. 850 0.18 2.0 
min. 460 0.33 3.7 
Tarawera Dome 150 max. 620 0.24 2.7 
min. 470 0.32 3.6 
The dome heights and diameters were estimated from cross sections through the domes at 
locations where dome bases can be identified. Fig. 11.42a shows a cross section through the 
Wahanga Dome. The dome probably extruded onto a slightly inclined surface. Wahanga Dome 
is roughly circular in outline and the difference between the maximum and minimum radius is 80 
m. The roughly circular outline of Wahanga Dome is not due to an endogenous dome growth but 
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rather a radial fanning pattern for a number of dome lobes similar to that suggested for Ngongotaha 
Dome (see Fig. 10.59 on page 2-12). One section through a dome lobe is exposed on the NW-face 
of Crater 2. COLE (1970a) suggested a central vent for Wahanga Dome and lava extrusion to 
the north, southeast and southwest. The closure pattern of the 'onion skin' structure exposed in 
Crater 2 indicates an extrusion direction towards the south. The flow layering in Crater 1 points 
to a probable second dome lobe having an extrusion direction towards the east. The orientation 
of the flow layering along the dome top does not indicate any deflections from a circular outline. 
However, the sparsity of outcrops makes interpretation difficult. These outcrops form the spine-
like protrusions along the dome outline and may be interpreted as the eroded tops of dome lobes. 
Selected measurements along the tops of these dome lobes give a roughly circular pattern as seen 
at Wahanga Dome. 
Fig. 11.40 summarises the situation at Wahanga Dome. It is suggested that probably four 
dome lobes form the Wahanga Dome, although the presence of a fifth dome lobe cannot be entirely 
excluded (marked with question marks in Fig. 11.40). The orientation of the five lobes is primarily 
based on the orientation of the flow layering and aerial photographs (marked with the dashed lines). 
The vent position is inferred from the roughly circular shape of Wahanga Dome. The extrusion 
directions of the dome lobes result from the vent position. The dome lobes are on average 450-500 
m long. However, the flow structure towards the east has' tendencies towards a coulee based on its· 
length exceeding 700 m (see discussion below for Ruawahia Doine). 
The small circular shape at the SW-end of Crater 2 represents a prominent spine protruding 
from the dome lobe. The spine probably extruded before the southernmost dome lobe and was 
carried outwards during the extrusion of this dome lobe (cf. NAKADA et at., 1995). The overall 
dome extent of Wahanga Dome is outlined with the dotted line and does not take the talus into 
account. 
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Figure 11.39: NW-SW cross section through the Ruawahia Dome showing gently sloping top surfaces to either 
side. See Fig. ILIon page 261 for the trace of the cross section. Highlighted is the inferred extent of the 
Ruawahia Dome with the two coulees to the northwest and southeast, respectively. 
Ruawahia Dome has an ellipsoidal outline with a difference of 390 m between the maximum and 
minimum radius (Fig. 11AO). Fig. 11.39 is a cross section through Ruawahia Dome along its long 
axis. In Craters 3 to 5 basal breccias of the dome are exposed and indicate the vicinity of the 
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actual dome base (see discussion above). As already suggested by COLE (1966, 1970a) , Ruawahia 
Dome consists of two coulees extruded from a vent close the trig point (Fig. 11.40). The extrusion 
directions are towards the northeast and southwest , respectively. The presence of coulees rather 
than dome lobes is based on the circumstance that dome lobes appear to have a maximum length 
of 300- 400 m and after reaching this length they start to pile onto each other (NAKADA et ai. , 1995; 
cf. also with Ngongotaha Dome on page 242). The formation of coulees was facilitated by inclined 
surfaces dipping towards the northwest and southeast. 
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Figure 11.40: Inferred vent positions and dome structures of the three main domes at Mt Tarawera . See text for 
discussion . 
An 'onion skin' structure at the northeast face of Ruawahia Dome in Crater 3 suggests the 
presence of a dome lobe. However, considering the suggested vent position and the orientation of 
the flow layering in Crater 4 it is suggested that the 'onion skin' structure represents an endogenous 
dome with a diameter of ca. 500 m. Hydrothermal alteration underneath the endogenous dome 
indica tes an extrusion after the two coulees. 
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For the two coulees at Ruawahia Dome a vent position in the centre of the dome (near the 
northwest side of Crater 5) would be more plausible and cannot be excluded. No flow layering 
could be measured in Crater 5, and Crater 6 was not accessible. Aerial photographs suggest the 
presence of two coulees towards the northwest, but more data on flow structures are necessary to 
. confirm this suggestion. 
Experimental studies by BLAKE (1990) provide an estimate of slope angle at which a low lava 
dome develops into a coulee. The transition to a coulee occurs when: rD > To/(pgsin2B), where 
rD is the dome radius and B the angle of the slope onto which the dome extrudes. Using the yield 
strength value for the coulee (table 11.1), and assuming that the maximum length of a dome lobe 
onto a level surface is 450 m, the minimum slope angle which is necessary for the transition to a 
coulee can be estimated. This angle is calculated as 7.90. 
Tarawera Dome has a similar ellipsoidal outline to that of Ruawahia Dome although to a lesser 
degree. The difference between the maximum and minimum radius is 150 m. COLE (1966, 1970a) 
suggested that Tarawera Dome is formed by two coulees which extend to the northwest and south-
east. The minimum slope angle for the development of a coulee is estimated as 9.20 using the above 
equation and the yield strength given in Table 11.1. Aerial photographs and few measurements of 
flow layering confirm his suggestion, but add a third coulee which extruded towards the southwest. 
The orientation of the flow layering on the surface of the SE-coulee is due to pressure ridges as-
sociated with coulee emplacement. These ridges are crescent-shaped parallel to the outline of the 
coulee termination. 
11.7.2 Comparison with dome growth simulations 
In the following the dome growth models of the Mt Tarawera domes are compared with experimental 
dome growth simulations. A similar discussion is given for the Ngongotaha Dome in Section 10.6.2 
starting on page 242, and to avoid repetition, only a summary of results for Tarawera is given here. 
The aspect ratios of the three domes 
are listed in table 11.1 and they define 
all domes as low lava domes according to 
the classification by BLAKE (1990; see Fig. 
10.60 on page 243). A comparison with his-
torical low lava domes show that all three 
domes fall on this trend line (Fig. 11.41). 
The slope of the trend line for low lava 
domes is close to that of the theoretical re-
lationship of dome height to its radius if 
dome growth is modelled using an isother-
mal Bingham fluid (Blake, 1990). It is 
also close to that of dome growth in the 
BPI regime of GRIFFITHS & FINK (1993) 
and FINK & BRIDGES (1995; see Table 
8.2 on page 151) which is characterised by 
100 
o Ruawahia 
o Tarawera 
IIIIWahanga 
a) low lava domes: H=5.22*Ro.55 
b) Peleean domes: H=0.54*Rl.06 
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Figure 11.41: Plot of dome height vs. dome radius for the 
three domes at Mt Tarawera including the original data plots 
and trend lines of historical domes by BLAKE (1990; modi-
fied after FINK & BRIDGES, 1995). All three domes plot on 
the trend line of low lava domes. The aspect ratios for the 
respective minimum and maximum dome radii are plotted. 
a balance between buoyancy (gravitational 
force) and yield strength of the dome interior. 
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The Bingham number, B (see Eq. 8.1 on page 147), is used to validate the assumed Bingham 
behaviour for the three domes. Yield strengths are calculated using Eq. 8.2 on page 148, the data 
in table 11.1 on page 284 and a melt density of 2390 kg m -3. The yield strengths for Ruawahia and 
Tarawera Domes are similar and comparable to that of Ngongotaha Dome, but the yield strength 
of Wahanga Dome is almost twice as high (table 11.1). A higher yield strength is required to 
form a lava dome rather than a coulee for melts of identical composition and physical parameters. 
However, calculation of yield strengths of some rhyolite domes using Eq. 8.2 (page 148) resulted 
in an overestimation of the yield strength of up to one order of magnitude which is explained by 
the strength of the dome carapace (BLAKE, 1990). The viscosity of the rhyolitic melt for the three 
domes was estimated using the method according to HESS & DINGWELL (1996) and is ca. 9.1010 
Pa s at 780°C2 . Finally, using typical shear rates for high-silica melts for silicic dome extrusions 
(table 4.1 on page 42), the calculated Bingham numbers of all domes are well above one-suggesting 
that the domes may be modelled as Bingham fluids. 
A comparison with the recent dome growth simulations of GRIFFITHS & FINK (1997) and FINK 
& GRIFFITHS (1998) was only attempted for Wahanga Dome. The characteristics of Ruawahia 
and Tarawera Domes, both of which are dominated by coulees and were extruded onto an inclined 
surface, do not conform with the experimental conditions and assumptions of these dome growth 
simulations. Characteristics such as the number of dome lobes, presence of spines and a roughly 
circular outline ofWahanga Dome place it between the 'spiny' and 'lobate' flow regime with \ji ~ 0.12 
(see Section 8.4.5 on page 151). Using a magmatic temperature of 780°C and a glass-transition 
temperature of 700°C (rheological glass-transition temperature calculated after HESS & DINGWELL, 
1996) the solidification time, t s, can be estimated as ",10 seconds using the Te VB. Tg plot of FINK 
& GRIFFITHS (1998: 533). The estimated yield strength values for Wahanga Dome (Table 11.1) 
and \ji ~ 0.12 give a range for the quantity Q ts ~ 370· .. 720 m3 using Fig. 8.4 on page 152. The 
solidification time of ",10 seconds results in an eruption rate Q ~ 37···72 m3 s-l. This range 
of eruption rate is 3-4 times higher than that calculated for Ngongotaha Dome and most rhyolite 
domes given in FINK & GRIFFITHS (1998). The only example with similar high eruption rates 
given in GRIFFITHS & FINK (1998) is the Badlands Lava Flow, Idaho, with Q = 13· ··88 m3 s-l. 
The highest recorded eruption rate for an active dome was 40 m3 S-l for the June 1981 Mount St. 
Helens lobe. 
Morphological parameters can be used to estimate the dome volume of Wahanga Dome. Using 
a dome volume of 0.078 . 109 m3 and the calculated eruption rates, the emplacement of Wahanga 
Dome would have taken around a month. This emplacement time is very short compared to 
other examples, either estimated or observed, such as the 1993-1994 eruption of Mt Unzen Dome 
(NAKADA et al., 1~95). Since the dome dimensions and melt properties of the Wahanga and 
Ngongotaha Domes are similar, a similar eruption time could be expected. However, the estimated· 
yield strength of Wahanga Dome is nearly twice as high as that calculated for Ngongotaha Dome 
as well as that used by GRIFFITHS & FINK (1998) for their paleo-eruption rate calculations of 
rhyolite domes (3.1,105 Pa). Using their yield strength for the paleo-eruption rate calculation, the 
eruption rate is ",10 m3 s-l and the resulting overall emplacement time is just over three months. 
This indicates that some of the parameters used for this modelling are not well defined. One such 
2The temperature estimate is based on the hornblende-plagioclase geothermometer by BLUNDY & HOLLAND (1990) 
and is consistent with the findings of EWART et al. (1975). 
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parameter is the magmatic temperature. No temperature estimates are available for Wahanga 
Dome and the one chosen may not reflect the actual conditions. Furthermore, the dome height of 
Wahanga Dome could have been overestimated since the other two domes are ca. 30 m thinner. 
Therefore, to apply these dome growth simulations to Wahanga Dome further data are necessary 
allowing parameters specific to vVahanga Dome to be entered into the equations. 
11.7.3 Cooling model of vVahanga Dome and its implications 
The cooling of Wahanga Dome was modelled according to the method suggested by MANLEY (1992; 
see Section 8.5 on page 154). Table 11.2 summarises all parameters used for this modelling. The 
chemical composition is the average of all unaltered Wahanga Dome samples normalised on the 
basis of 0.1 wt-% water. The densities of magma and glass were calculated using the program 
'Igneous' by Todd Dunn (Department of Geology, University of New Brunswick, Canada). 
Since the feeder and conduit system of Wahanga Dome is not exposed the vent diameter is de-
rived from comparison with other rhyolite domes and from calculating the critical conduit diameter 
(see page 244). HARDEE (1992) cited a minimum conduit diameter of 33.4 m assuming typical 
magma properties for rhyolitic melts. At Ngongotaha Dome a critical conduit diameter of 44.2 m 
was calculated (see page 245) and for further modelling a vent diameter of 50 m was assumed. This 
vent diameter is similar to that found for Obsidian Do:me by drilling (EICHELBERGER et at., 1986). 
Table 11.2: Summary of parameters used for the cooling modelling and other calculations at Wahanga Dome 
chern. compo 
Si02 76.10 
Ti02 0.23 
Ah 0 3 12.97 
Fe203 1.53 
MnO 0.06 
MgO 0.29 
CaO 1.34 
Na20 4.19 
K2 0 3.15 
P 2 0 5 0.04 
LOI 0.1 
total 100.00 
physical parameters 
magmatic T: 780°C (EWART et ai., 1975) 
wall rock T: lOoC 
magma density: 2.39 g cm-3 (calculated using average chern. comp.) 
pumice density: 1.85 g cm-3 (average of measured FVP densities) 
glass density: 2.34 g cm-3 (calculated using average glass comp.) 
rock density: 2.30 g cm-3 (assumed density of underlying lava) 
average phenocryst content: 22.3% 
spherulite content: 33% 
inferred Tg: 700°C (rheological Tg after HESS & DINGWELL, 1996) 
grain density: 2.40 g cm-3 
geometric factor, ,: 0.785 
annual rainfall/snowfall: 150/0 cm 
vesicle height/length: 0.002/0.4 cm (averaged values) 
feeder diameters: 40 m (see discussion in text) 
thickness of pumiceous carapace: 17 m (average value) 
node spacing: 6 m 
The thermal conductivity of the magma was estimated to be 2.088.10-3 J m~ls-l °C based on 
experimental data by MURASE & McBIRNEY (1973) using the average magma composition and 
Eq. 3.9 on page 33 for calculation of the heat capacity according to STEBBINS et at. (1984). The 
effective viscosity of the rhyolite of Wahanga Dome is estimated as 2 . 1011 Pa s based on the melt 
viscosity calculated after HESS & DINGWELL (1996) and the Einstein-Roscoe equation (Eq. 4.18 
on page 50) with an average phenocryst content of 22.3%. Using all these values, 
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(a) NW- SE Cross section through Wahanga Dome including area 
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.s 1000 
en 
o 
c 
o 800 
+= o 
> (J) 
w 
area used for coolIng modelling 
-,. ... 
600 ~-----~ , 
o 200 400 600 800 
Distance [m] 
, 
1000 1200 
······1 
., ,. ') 
1400 
---------, 
(b) Temperature distribution after 25 years of cooling 
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Figure 11.42: (a) NW-SW cross section through the Wahanga Dome showing an overall gentle sloping of the 
top surface to the northwest . See Fig. 11.1 on page 261 for the trace of the cross section . Highlighted in red 
is the inferred extent of the Wahanga Dome. (b) + (c) Results of the cooling model of Wahanga Dome. In both 
figures the trace of the crater is given . 
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Eq. 10.2 on page 244 gives a critical conduit diameter of 35.3 m. This value compares well with that 
calculated by HARDEE (1992) for a typical rhyolite melt. It is assumed that the conduit becomes 
wider towards the surface due to magma-wall rock interaction and abrasion effects due to magma 
flowage. Therefore, a vent diameter of 40 m is assumed for the cooling model. 
Fig. 11.42a shows the 2D-area used for the cooling modelling of Wahanga Dome. The tem-
perature distribution after 25 years of cooling is given in Fig. 1l.42b and it shows that after this 
time period a substantial part of the dome interior is still at the magmatic temperature and well 
above the glass-transition temperature. In Fig.11.42c the path ofthe glass-transition temperature 
isotherm is traced for six time steps. After ",40 years of cooling (not shown) this path closes in the 
dome centre, i.e., the entire dome is below the glass transition in the solid state: 
Comparison with the distribution of main lithologies, especially the transition zone FVP /RHY 
shows there is a good coincidence for the cooling isotherm at three years, as outcrops of the transition 
zone on either side of the crater have the same cooling isotherm after three years. As discussed in 
Section 5.7 on page 83, spherulitic growth is assumed to commence and occur close to the glass-
transition temperature where we find the fastest rates for spherulitic growth. Since the transition 
zone FVP /RHY marks the first onset of spherulites the coinciding Tg-isotherm at three years marks 
the time after which cooling rates are slow enough to allow spherulitic growth. The cooling rates 
were too fast in the FVP unit to crystallise spherulites. 
This onset of spherulitic growth after three years is virtually identical to that found at Ngongo-
taha Dome. Although the Wahanga Dome is 40 m higher than Ngongotaha Dome and had a much 
longer cooling time, the onset of spherulitic growth seems to be independent of the actual dome 
morphology but is determined by the time period after which cooling rates are slow enough to allow 
for spherulite crystallisation. 
In summary, the cooling model of Wahanga Dome allows the estimation of the time needed 
for the entire dome to progress through the glass-transition. This time is estimated as ",40 years. 
Comparison with the spatial position of the transition zone FVP /RHY at both sides of Crater 2 and 
the path of the Tg-isotherm shows that a match is given for three years. For the first three years 
the cooling rate was too fast to allow the nucleation and growth of spherulites. This is reflected by 
the fresh glass of the FVP. After three years the cooling rate dropped to such a level that the first 
tiny spherulites could be formed. Further reduction in cooling rate resulted in a higher abundance 
of spherulites. 
11.8 Summary 
Geochemistry 
The rhyolites forming the four domes at Mt Tarawera (Wahanga, Ruawahia, Crater and Tarawera 
Domes) are per- to met aluminous , medium-K calc-alkaline, high-Si02 rhyolites. All domes show 
a very restricted silica range. Variation diagrams of major oxide and trace elements show no 
systematic trends. 
Distribution maps of element abundances show no systematic variation between the domes and 
within each dome. Therefore, the previously established eruption sequence is not reflected by any 
systematic changes in the chemical composition of the magma. This may point to a homogenous 
magma chamber. 
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Mineralogy 
All samples belong to the biotite rhyolite type. The phenocryst assemblage consists of plagioclase, 
quartz, biotite and minor magnetite, orthopyroxene and hornblende. Accessory minerals are zircon 
and apatite. In general, all phenocrysts are fresh and unaltered. 
Distribution maps of the total and individual phenocryst abundances show no systematic vari-
ation patterns-confirming the findings of a lacking element distribution. 
The ternary An-Ab-Or diagram shows a similar composition trend from the plagioclase via 
spherulite to glass composition as found at Ngongotaha Dome. 
Lithologies 
Main lithologies at the Wahanga and Ruawahia Domes are a finely vesicular pumice (FVP), crys-
talline rhyolite (RHY) and basal breccia (BB). FVP and RHY show a concentric distribution pattern 
following the dome outline. 
FVP is characterised by highly flattened and collapsed vesicles set in a fresh glass matrix. The 
glass is commonly colourless and microlite-poor or -less, although minor microlite-rich glass domains 
are present. Within the FVP layer (13-20 mm thick) a rather wide range of textural variation occurs 
in terms of vesicle size and elongation as well as alternating glassy and pumiceous domains. 
The transition zone FVP /RHY is first marked by the onset of tiny spherulites become larger 
and more abundant which towards the RHY. Simultaneously, the vesicles are more flattened and 
collapsed although the glass remains pumiceous in character. Near the RHY layer the glass is 
dominated by a polygonal mosaic of large spherulites with fresh glass remaining in the interstices. 
The transition zone is 3-10 m wide. 
The RHY unit has felsitic crystallised glass interstices. Towards the dome centre the spherulites 
become smaller and a felsitic to poikilitic matrix dominates the rhyolite. 
Hydrothermal alteration is present underneath the northern part of Ruawahia Dome and is 
characterised by a loss in sodium and barium and a gain in iron, zinc and niobium. Hematite forms 
the only new mineral phase in the hydrothermally altered rhyolite. In places the alteration has an 
autobreccia character. 
Dome growth models of the domes 
Based on flow structures, such as the orientation of flow layering, the presence of 'onion skin' 
structures and aerial photographs, dome growth models were developed for the domes. Wahanga 
Dome is likely to consist of at least five dome lobes whereby the eastern dome lobe shows a transition 
to a coulee. Its overall outline is roughly circular. 
Ruawahia Dome is formed by two coulees trending towards NW and SE. An endogenous small 
dome is present on the NE-side of Ruawahia Dome. 
Tarawera Dome consists of probably three dome lobes trending towards the NW, SW and SE. 
Comparison with dome growth simulations 
Morphological parameters show that the Wahanga, Ruawahia and Tarawera Domes may be classified 
as low lava domes and modelled as a Bingham fluid. Differences in yield strength estimates between 
Wahanga Dome and the other domes are explained by a stronger carapace. 
Application of the recent dome growth simulations by FINK & GRIFFITHS (1998) to Wahanga 
Dome show that some parameters, such as magmatic temperature and dome height, need better 
definitions. 
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The cooling model of Wahanga Dome allows an estimate of the time required for the entire 
dome to progress trough the glass-transition. This time is estimated as "",40 years. Comparison 
between the spatial position of the transition zone FVP /RHY on each side of Crater 2 and the 
path of the Tg-isotherm indicates that for the first three years the cooling rate was too fast to allow 
the nucleation and growth of spherulites. This is reflected by the fresh glass of the FVP. After 
three years the cooling rate dropped to such a level that the first tiny spherulites could be formed. 
Further reduction in cooling rate resulted in a higher abundance of spherulites. 
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Chapter 12 
Gebbies Pass, Banks Peninsula 
12.1 Scope of studies and study area 
In the Gebbies Pass area, Banks Penin-
sula, the vent areas of a number of rhyo-
lite domes are exposed. A general intro-
duction into this area and a summary of 
previous studies are given in Section 2.4 
on page 13 and objectives are summarised 
on page 14. Of the exposed domes four 
structures were selected for further inves-
tigations since these structures cut through 
the immediate vent area of rhyolite domes 
(compare with Fig. 2.12 on page 13). These 
structures are the Conical Hill and Con-
ical Hill Extension, which are referred to 
as the Conical Hill Complex and Obsid-
ian Hill and Summit Road Conduit which 
are referred to as the Obsidian Hill Com-
plex1 (Fig. 12.1). Figs. 12.2a and 
12.2b show the exposure of the four struc-
tures. The two structures in each complex 
are aligned along fissures trending NW -SE 
(Fig. 12.2a). 
The rocks at Gebbies Pass are peralu-
Figure 12.1: Location map of the four rhyolite structures un-
der investigation in this chapter. The boxes highlighted in 
dashed lines indicate the areas of the appropriate maps. For 
an overview of all dome in the Gebbies Pass area and the po-
sition of the four selected structures compare with Fig. 2.11 
on page 13. 
minous, high-K calc-alkaline, high-Si02 rhyolites (see figs. 1O.32a, c and d on page 203), and plot 
in the within-plate granite field in the Nb/Y discrimination diagram (PEARCE et al., 1986; Fig. 
10.32 on page 203). Detailed geochemical investigations are not the subject of this study but can 
be found in THIELE (1983) and GREY (1991). 
lThe terminology follows the proposal by GREY (1991). 
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West 
i 
North 
i 
columnar joints 
along the 
Summit Road 
Figure 12.2: Terrain models of the Gebbies Pass area , Banks Peninsula, using an aerial photograph as an overly. 
(a)-top figure: View looking towards north . In both complexes the two conduit areas are aligned along parallel 
fissures trending NW- SE (see also Fig. 2.11 on page 13). (b)- bottom figure: View looking towards west showing 
the crescent-shaped ridge of Conical Hill and the location of the columnar jointing pictured in Fig. 12.5 . 
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12.2 Conical Hill Complex 
The Conical Hill Complex comprises Conical Hill proper and Conical Hill Extension. The extent of 
the two structures is given in Fig. 12.4. Conical Hill is characterised by a ",45 m crescent-shaped 
ridge. Exposure is good on top of Conical Hill and along the Summit Road particularly to the east. 
Conical Hill Extension is located to the east of Conical Hill and at a lower elevation (Fig. 12.6). 
Only the eastern part of this structure is exposed. 
12.2.1 Main lithology 
Main lithologies comprise crystalline rhyolite (RHY) which forms the main lithology of Conical Hill 
and Conical Hill Extension and minor basal breccia (BB). GREY (1991) described obsidian from 
Conical Hill but this occurrence was not found in the present study. He assumed that all domes 
were underlain by an obsidian layer which grades upwards into the rhyolite and downwards into the 
basal breccia. A macroscopic (hand specimen) description of the rhyolite is given in Appendix D.3 
on page 420 and a detailed microscopic description in Appendix D.7 on page 449. 
Underlying the RHY is the basal breccia which comprises pumiceous and crystalline rhyolite 
clasts in a comminuted matrix. Only one contact was found between RHY and BB and is located 
at a road cut northwest of Conical Hill (approximately at M36/806251). The contact with the 
overlying RHY dips at a high angle (70- 80°) SE towards the centre of the hill, and is not sharp 
with the RHY often intruding into the basal breccia. Basal breccia is also incorporated into the 
RHY as individual clasts or continuous bands up to two metres long and thicknesses between 2 and 
18 cm. Clasts in the BB consist mainly of pumiceous material and very minor RHY. Clast sizes 
vary widely with a maximum diameter of 35 cm. 
Figure 12.3: Spherulitic matrix of the RHY at (a)-left figure: Conical Hill and (b)-right figure: Conical Hill 
extension. The rhyolite matrix at Conical Hill Extension is often more pronounced spherulitic with a strong flow 
layering. Axiolitic bands are sharply defined and frequently of equal widths. See text for discussion. 
The rhyolite has sparse phenocrysts of quartz, alkali feldspar and biotite. Quartz commonly 
occurs as euhedral to subhedral bipyramidal crystals up to ",5 modal- %. Alkali feldspar is present 
in traces only and frequently is absent. Rare biotite is euhedral to subhedral with minor opaque 
alteration at the rim. The matrix is characterised by a spherulitic to felsitic texture with occasional 
poikilitic domains. In general, the rhyolite has a pronounced flow banding which are defined by 
colour differences due to differences in crystallinity and matrix (Fig. 12.3a). Light bands comprise 
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axiolitic spherulites whereas darker bands are formed by a polygonal mosaic of tiny spherulites 
(::;0.2 mm in diameter) with occasional felsitic domains. Elongated patches of poikilitic quartz are 
confined to thin flow bands. 
At Conical Hill Extension the matrix is almost entirely dominated by spherulites with strongly 
parallel aligned axiolitic bands of often equal widths. Between the axiolitic bands the matrix consists 
of a polygonal mosaic of tiny spherulites carrying slightly larger and pale round spherulites (Fig. 
12.3b). Bands of elongated poikilitic quartz patches are less frequent than at Conical Hill but the 
patches tend to be slightly larger at Conical Hill Extension. 
At both occurrences some microlites are present throughout the matrix. They tend to be rod-
shaped but invariably are opaque or strongly corroded. The rods are strongly flow aligned and 
wrap around phenocrysts. Their size is <40 J.lm although frequently they are corroded to an extent 
that their terminations are no longer clearly defined. 
12.2.2 Characterisation of columnar joints 
Both Conical Hill and Conical Hill Extension show a good columnar jointing although the joint 
patterns are better developed at Conical Hill. Unlike at Mt Somers (Section 13.5 on page 335), 
striae on column surfaces could not be found due to extensive surface weathering. 
Fig. 12.4 summarises the orientation of the columnar joint patterns at the Conical Hill Complex. 
In general, the columns at Conical Hill are oriented normal to the cooling surface and form a bean-
shaped structure which is slightly elongated towards the east. The dips of the columns are colour-
coded according to intervals of equal dips, and it is evident that the columns are shallow at the 
conduit margin and become steeper towards the ridge line at the centre of the conduit. Since the 
conduit itself is not circular in outline the columns converge towards the long axis of the conduit, 
but at the ridge no columnar joints occur. In places an orthogonal joint pattern is observed which 
is not related to the cooling process. This may indicate that in the area of convergence of columnar 
joints thermal stresses preclude the formation of the columnar joints. 
The column widths at Conical Hill vary systematically in that they become thinner towards the 
ridge of the hill. Typical column widths at the conduit margins are in the order of 25-50 cm while 
in the centre near the ridge the columns are 5-20 cm wide. This contrast with the general finding 
in basalt flows that the column become thicker towards the flow interior due to a reduction in the 
number of columns (systematic increase of joint spacing). Thin columns are generally indicative of 
faster cooling rates. However, towards the centre of the conduit the lava is insulated and cools more 
slowly than at the margin, which may also be a function of high thermal stresses in the conduit 
area. Alternatively, the decrease in width may be due to the columns converging towards a point 
or a line. 
The general pattern of the column orientation at Conical Hill is schematically summarised in 
cross section B-B' (Fig. 12.6 on page 301). In this figure, the column dips are 'fitted' to a likely 
joint pattern based on cooling models and the orientation of cooling isotherms. The fanning nature 
of the columnar joints indicates a part of the dome still within the conduit up to the level of the 
paleo-surface onto which the lava extruded. Slight anisometry is evident in the conduit geometry. 
The conduit has a width of approximately 50 m which is similar to conduit widths observed at 
and/or calculated for other rhyolite domes (see discussion on page 244). 
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A further discontinuity is found at the 
eastern end of the hill where a set of thin 
columns forms a radiating and fanning pat-
tern which is not consistent with a circu-
lar or elongated conduit in this area (Fig. 
12.5) . The column widths are thinner than 
at columns found at the same level and 
suggest either high thermal stresses or fast 
cooling rates. 
At Conical Hill Extension the columnar 
joints are not as widespread and are only 
present in the northern and eastern parts. 
Here present , the columns are normal to 
the conduit outline and their dip becomes 
shallower towards the centre of the hill. No 
variation in column widths was noticed al-
though the widths range from 20-40 cm. 
Figure 12.5: Set of radiating and fanning thin columns at the 
eastern end of Conical Hill along the Summit Road . The posi-
tion of this outcrop is marked in Fig. 12.2b on page 296. The 
orientation and thin nature of these columns does not conform 
with the general pattern of the columnar joint orientation at 
Conical Hill. 
The cross section through Conical Hill Extension shows the inferred orientation of the columnar 
joint pattern in this area. Here, the columnar joints indicate a position above the conduit already 
on the paleo-surface (Fig. 12.6 on page 301). The conduit width is ",30 m and is smaller than that 
inferred for Conical Hill, and slightly less than the critical conduit diameter of 33.4 m estimated by 
HARDEE (1992; see page 244). This could be due to an underestimation of the conduit width or by 
extrusion through a fissure rather than circular conduit. 
Polygonal side numbers and 'maturity' of the jointing system 
Column features such as polygonal side numbers, 'interfacial' angles and junction types of columnar 
joints can be used to describe the 'maturity' of a columnar joint system (see page 120). Measure-
ments were taken at locations with cross sections of at least 50 columns and where the cross sectional 
plane is normal to the column axes. Four such locations were found at Conical Hill and their grid 
references are given in table 12.1. Two locations are situated at the fanning joint pattern at the 
Summit Road (east side of Conical Hill) and the other two north of the ridge at the hill top. In 
both cases the columns are of comparable widths although their settings differ (see above). 
The polygonal patterns were traced from photographs (compare Fig. 7.8 on page 116 and Fig. 
12.7a) and the number of sides counted, the 'interfacial' angles measured and the junction types 
determined. Fig. 12.7b shows a plot of the polygonal side number distributions at the four locations. 
All four sets have an average side number very close to five (Table 12.1). This is consistent with 
the findings of BEARD (1959) who found that pentagonal columns are most frequent in natural 
settings (compare also with Table 7.1 on page 120). Few natural examples have a predominance of 
hexagonal columns such as at the Giant's Causeway, Ireland, and the Devil's Postpile, California. 
However, in the third set hexagonal columns are slightly more abundant than pentagonal columns 
although the average side number is still close to five due to the high number of tetragonal columns. 
The two sets at the Summit Road have a slightly higher average side number then the two near the 
ridge. The overall low average side numbers are a result of the setting of these locations where the 
formation of the columns was disturbed by thermal stresses as discussed above. The hexagonality 
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Table 12.1: Statistics of polygonal side numbers at columnar cross sections as measured on four locations. 
Percentage of n-sided polygons Number of Average of sides Xn 1) 
Location 3 4 5 6 7 8 polygons 2) 3) 
I-Summit Road 4 43 111 60 10 2 230 5.15 5.15 1.210 
8081325005 1.74 18.69 48.26 26.09 4.35 0.87 100% 
2-Summit Road 3 10 48 15 6 82 5.13 1.215 
8081225006 3.66 12.19 58.54 18.29 7.32 100% 
3-north of ridge 5 20 34 33 3 95 5.09 4.78 1.306 
8072025061 5.26 21.05 35.79 34.74 3.16 100% 
4-north of ridge 3 22 37 19 5 86 5.01 4.92 1.351 
8072225060 3.49 25.58 43.02 22.1 5.81 100% 
1) hexagonality index, Xn, calculated with Eq. 7.2 on page 125 (after BUDKEWITSCH & ROBIN, 1994) 
2) average side number calculated "ith Eq. 7.1 on page 120 (after GRAY et ai., 1976) 
3) average side number calculated after BUDKEWITSCH & ROBIN (1994) 
index, Xn, reflects the average side numbers in that it is close to one with a 'mature' joint system 
having a hexagonality index close to zero. The Summit Road examples have a lower hexagonality 
index compared with the other two examples at the ridge. 
The findings, based on the average polygonal 
side numbers, are reflected in low 'interfacial' an-
gles for all examples. At location 1 and 2 the 
'interfacial' angles are 111.5° and 107.5°, respec-
tively, while at the locations near the ridge, the 
angles are 105.6° and 97.1 0, respectively. An ideal 
hexagonal jointing system has an 'interfacial' an-
gle of 120°. 
Similarly, the statistics of the junction types 
show that at all locations the number of T - and 
X-type junctions is very high. At locations 1 and 
2 the number of Y -type junctions is higher than 
the combined number of T - and X-type junctions 
(38:20 at location 1) but at locations 3 and 4 the 
combined number of T- and X-type junctions is 
higher than that of Y-type junctions (54:40 and 
55:52, respectively. At locations 3 and 4 an over-
printing of an orthogonal joint system onto the 
columnar joints cannot be excluded and would 
result in the high number of orthogonal junctions. 
In summary, column features such as aver-
age side numbers, 'interfacial' angles and junction 
types indicate a rather immature jointing system 
at the two investigated locations. These locations 
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reflect settings of disturbed cooling environments with high and probably changing thermal stresses. 
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Unfortunately, no other columnar cross sections have been found which represent sections of con-
tinued cooling and which could provide a comparison between 'normal' and 'stressed' cooling envi-
ronments. 
12.2.3 Patterns of the flow layering 
Flow layering is generally highly visible in the field due to the surface weathering. Measurements 
were taken at all accessible locations at the Conical Hill Complex and are shown in Fig. 12.8. The 
dip of the flow layering is colour-coded in a similar way to the columns in Fig. 12.4 with intervals 
of equal dips; all white areas indicate either no outcrops or outcrops without a visible flow layering. 
Good agreement between the dip of the flow layering and columnar joints is observed with the two 
perpendicular to each other. 
At Conical Hill two distinct orientations of the flow layering are observed which can be assigned 
to two magma pulses. One flow orientation follows the general pattern of a steep dip in the conduit 
centre which becomes shallower towards the conduit margins. This part of flow behaviour is present 
at the northwest to the south of Conical Hill and is indicated by yellow, orange to blue colours in 
Fig. 12.8. At the southeastern termination of Conical Hill however, where the fanning columnar 
joint patterns occurs, the flow layering is almost vertical but quickly becomes shallower towards 
the northwest up to the centre of Conical Hill. It appears as if the first magma pulse (with yellow-
green colours in Fig. 12.4) could not extrude straight up the fissure but was deflected towards the 
northwest. The second magma pulse, however, was able to extrude straight up the conduit and cuts 
right through the magma of the first magma pulse. The contrasting behaviour of the two magma 
pulses is schematically shown in Fig. 12.6. In the field no flow layering could be found in the 
area between the two magma pulses, possibly indicating that the orientation of the flow layering 
of the first magma pulse was dragged into that of the latter magma pulse. Interestingly, in the 
area of very steeply dipping flow layering of the second magma pulse no columnar joints (or minor 
orthogonal joints) are present (cf. figs. 12.4 and 12.6). The contrast in the flow layering between 
the two magma pulses in this area points to high shear stresses which may also be the reason for the 
absence of columnar joints and/or for thin columns indicative for fast cooling rates or high thermal 
stresses. 
At Conical Hill Extension the flow layering is steep in the centre of the conduit and becomes 
shallower towards the margins, forming an overall fanning pattern. Two exception occur, one at 
the northern and eastern terminations where shallow flow layering is disrupted by steeply dipping 
flow layering. This can be explained by two magma pulses in which the second magma pulse was 
confined to the conduit walls. Fig. 12.6 summarises the inferred conduit situation at Conical Hill 
Extension. Both the orientation of the flow layering and columnar joints indicate a position just 
above the conduit for the present day erosion level. 
In the area between Conical Hill and Conical Hill Extension steep orientation of the flow layering 
suggests a continuation of the flow across the Summit Road and, those, can be related to the first 
magma pulse seen at Conical Hill and this is supported by the orientation of the columnar joints. 
However, too few data are available to interpret the structure between the two main conduits 
conclusively. 
One possible explanation for the overall pattern of the flow layering orientation at the Conical 
Hill Complex is the presence of two en echelon segments underneath Conical Hill and Conical Hill 
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Extension, trending roughly west-east. Readjustment of magma flowage from the main fissure 
trending slightly northwest-southeast to the W-E trend of the en echelon segments may result 
in the deviating flow pattern at the eastern termination of Conical Hill and in between the two 
conduits. 
In summary, the orientation of the flow layering at the Conical Hill Complex shows a complex 
pattern. Magma extrusion occurred along a fissure whereby the magma advance did not follow a 
straight front but was split up into at least two fronts resulting into the extrusion of the two domes. 
Magma advance is controlled by the geometry of the fissure itself and the surface structures of the 
fissure walls. One possible explanation for the deviating flow pattern in between the two conduits 
could be the readjustment of magma advance to the different trend of the two en echelon segments 
forming the conduits for the two domes. 
12.3 Obsidian Hill Complex 
The Obsidian Hill Complex consists of the Obsidian Hill to the east of Summit Road and the 
Summit Road Conduit to the west of S,ummit Road. The lithological variation within the two 
conduit areas have been described. by GREY (1991) and comprise a basal breccia (BB), obsidian 
(OBS) and crystalline rhyolite (RHY). The Summit Road Conduit comprises crystalline rhyolite 
while the Obsidian Hill consists largely of fresh to slightly altered obsidian. GREY (1991) suggested 
three eruptive phases beginning with the extrusion along the Summit Road conduit, followed by the 
west and northwest extensions of Obsidian Hill and finally Obsidian Hill itself. The last two phases 
are separated by an 'interphase breccia' (GREY, 1991). The following discussion concentrates on 
the two structural features, columnar jointing and flow banding. 
12.3.1 Characterisation of columnar joints 
Columnar joints are present at Obsidian Hill 
and to a minor extent at its small extensions to-
wards the west and northwest and orientation of . 
the columnar joints is given in Fig. 12.9. No 
columnar joints are present at Summit Road Con-
duit. 
At Obsidian Hill the columnar joints form a 
circular pattern outlining the conduit area. To-
wards the margins of the conduit the columns dip 
very gently at 10-20° and become slightly minor 
degree steeper towards the conduit centre (21-
30°). No columnar jointing is present at the cen-
tre of the conduit. This overall shallow dip and 
circular outline of the columns indicate a posi-
tion within the conduit and just below the paleo-
Figure 12.11: Schematic N-S cross section through 
Obsidian Hill showing the inferred patterns of columnar 
jointing (dashed lines) and flow layering (pointed lines), 
Sketch is not to scale. 
surface of magma extrusion (Fig. 12.11; compare with figs. 7.18 and 7.19 on page 130). A minor 
deviation of the columnar joint pattern at the southern side of Obsidian Hill may be due to irreg-
ularities of the conduit wall. 
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12.3.2 Patterns of the flow layering 
The orientation of the flow layering is given in Fig. 12.10. At Obsidian Hill the flow layering 
outlines the circular conduit. Interestingly, the flow layers dip moderately steeply at the edge and 
become shallower towards the conduit centre. One would expect the reverse, with flow layering 
in the conduit being steeper especially in the conduit centre, and becoming shallower to all sides. 
One likely explanation for the observed behaviour at Obsidian Hill of the flow layering is the 
presence of a magma pulse frozen at this level without having been able to extrude further. The 
upper portion of such a magma pulse would produce similar flow layering to that observed (Fig. 
12.11). Alternatively, magma could have sagged back into the conduit in the final stages of dome 
emplacement. The exception to the general pattern of the orientation of the flow layering at the 
south end of the conduit shows that along the conduit margin the flow layering was very steep 
indeed. If this steeply dipping flow layering indicates the conduit margin then the conduit feeding 
Obsidian Dome must have had a diameter of between 180-200 m just underneath the paleo-surface 
of extrusion. This appears rather wide compared to observed conduit diameters of rhyolite domes. 
At the Summit Road Conduit the flow layering also outlines a circular conduit although it has a 
much smaller diameter (ca. 60 m). The steepest dipping flow layers are slightly off-centred towards 
the southwest. The dip direction of the flow layering is rather unusual in that it suggests an inclined 
conduit dipping itself towards the northeast. Alternatively, magma ascending in a vertical conduit 
may not necessarily move straight up having vertical flow lines but, due to irregularities at the 
conduit walls, develops turbulent flow lines. 
12.4 Summary 
The four selected and highly eroded dome structures at Gebbies Pass allow the study of the im-
mediate conduit area of rhyolite domes. They represent different cross sectional levels within the 
conduit area. 
The orientations of columnar joints and flow layering is largely consistent with theoretical models 
and allow the matching of present-day erosion levels to specific cross sectional levels in a conduit. 
A detailed study of the patterns of columnar joints and the flow layering deviations specific to each 
conduit reveals magma flow dynamics and particularities in the cooling regime. 
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Mount Somers 
13.1 Scope of studies and study area 
The volcanics at Mt Somers have been the subject of numerous extensive studies of which the most 
recent are by OLIVER (1977), S~ITH (1994) and SMITH & COLE (1996). A summary of the geology, 
previous works and eruption history of Mt Somers is given in section 2.5 on page 15. A detailed 
study on the high-grade ignimbrites sheets which overlie the cumulo-dome complex was undertaken 
by SMITH (1994) and SMITH & COLE (1997). My thesis concentrates on the rhyolite lava :Bows 
and domes of the cumulo-dome complex. In the course of the chapter ways to distinguish between 
individual lava flows/domes are discussed. The most important was found to be the characteristic 
patterns of columnar joints which develop during the cooling of the lava flows/domes. The jointing 
theory, as introduced in Chapter 7, is applied to the rhyolites at Mt Somers and the use of columnar 
joint patterns is outlined. 
Petrographic investigations reveal the existence of three phenocrystic minerals; cordierite, fay-
alite and amphibole, previously not described from Mt Somers. The chapter investigates how these 
three minerals fit into the established interpretations of the magma origin and derived tempera-
tures and pressures. New geochemical data not only extend the existing database but also allow a 
reinterpretation of the magma development and eruption history. 
The distinction between rhyolite flows/domes and high-grade ignimbrites at Mt Somers is not 
well defined in the field and largely based on textural and structural features and different geochem-
ical fingerprints. One part of this chapter looks therefore into the relationship of lava flows/domes 
and high-grade ignimbrites in the course of which a new interpretation of a transitional unit is 
suggested. 
The study area is shown in figs. 13.1 and 13.2 and comprises approximately 13 km2 of Mt 
Somers and adjacent hills to the northwest and west. It is defined by the outcrop relationships of 
the rhyolite lava flows/domes which are best exposed along the NE-face of Mt Somers and along 
the cliff faces in the Woolshed Creek and its side creeks (figs. 13.1 and 13.2). Together with the 
steep south side of Mt Somers they define a triangular-shaped, plateau-like summit area of Mt 
Somers which slopes gently westwards. All sides confining the summit area are characterised by 
numerous bluffs and high cliffs. The morphology of Mt Somers is depicted in the terrain models 
in Fig. 13.2. The present day topography is largely defined by erosion although the uppermost 
high-grade ignimbrite sheets dominate the shape of the Mt Somers plateau area. 
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13.1. SCOPE OF STUDIES AND STUDY AREA 
Figure 13.1: Topographic map of Mt Somers showing the approximate study area , locations of sample points 
and the areas of the geological map (Fig. 2.13 on page 15) and distribution maps in this chapter. 
Figure 13.2: Terrain models of Mt Somers. (a) Looking towards south . Woolshed Creek runs diagonal from 
lower left to upper right and the NE-face of Mt Somers runs diagonal from the figure centre to the upper right . 
(b) Looking towards southwest . The NE-face of Mt Somers runs diagonally from the lower left to the upper right . 
The approximate study area is highlighted in red . 
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Fig. 13.1 also shows the sample locations including those of OLIVER (1977) and SMITH (1994) 
where grid references were given. Sampling for this thesis concentrated on the west side of Mt 
Somers, mainly within the Woolshed Creek and its side creeks (hereafter called Woolshed Creek 
area). In this area the rhyolite flows and domes of the cumulo-dome complex are best exposed. 
Measurements of flow layering and orientation of columnar joints were done throughout the entire 
study area. 
13.2 Geochemistry 
13.2.1 Introduction 
Comprehensive but not systematic geochemical descriptions of the Mt Somers volcanics are given 
in OLIVER (1977) and BARLEY (1987). The study by SMITH (1994) concentrated on geochemical 
variations within the Somers Ignimbrite with a major stress on the stratigraphic variation on the 
NE-face of Mt Somers from ignimbrite members 1-12 (lowermost to uppermost ignimbrite sheet). 
He also included two samples from the Somers Rhyolite for comparison. 
This study concentrates on the geochemical variation within the Somers Rhyolite especially in 
the Woolshed Creek area. Sampling in this area was originally done to check whether the rhyolite 
flows and domes have different geochemical compositions which would provide a method of identify 
individual lava flows and domes and possibly establish an emplacement sequence. The geochemical 
distinction between lava flows/domes and the overlying high-grade ignimbrites was originally based 
on the findings of SMITH (1994). According to his studies, the Somers Ignimbrite has a Si02 range 
from 70.2-75.7 wt-% while the Somers Rhyolite has higher Si02 contents ranging from 75.7-78.9 
wt-%. However, this distinction was based on geochemical data from only two samples of Somers 
Rhyolite rocks. 
Sampling for geochemical analyses in the Woolshed Creek area proved to be difficult for the 
following reason. Access to the cliffs was limited due to their steepness which often precluded 
in situ sampling at the cliff tops. Likewise, sampling at the base of Woolshed Creek was often 
impossible due to the inaccessibility of some sections of the creek. Sample locations cover the entire 
Woolshed Creek area (Fig. 13.1) and were chosen to provide a good lateral and vertical data spread. 
13.2.2 Major and trace element variations 
XRF analyses have been done on 54 samples which include mainly samples of the Somers Rhyolite 
and minor Woolshed Creek Ignimbrite and Somers Ignimbrite. All results are listed in Appendix 
F on page 473. Overall, the geochemical data show that the rocks forming Somers Rhyolite and 
Somers Ignimbrite are peraluminous, high-K calc-alkaline, high-Si02 rhyolites (figs. 1O.32a, c and 
d on page 203). In tectonic discrimination diagrams such as Nb/Y (PEARCE et at., 1986) the 
rhyolites plot at the transition betw.een subduction-related and within-plate rocks (Fig. 10.32b on 
page 203). 
In the following discussion only samples of the Somers Rhyolite and Somers Ignimbrite are 
considered and plotted in bivariate major oxide element and trace element plots (figs. 13.3 and 
13.4). The chemical compositions of the Somers Ignimbrite by SMITH (1994) are given in the grey 
shaded fields. 
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The rhyolitic rocks in the Woolshed Creek area have a Si02 content ranging from 71. 7-77.3 wt-%. 
_Basically, all major oxides show a negative correlation trend with increasing Si02. All oxides but 
Na20, K20 and MgO have a high correlation coefficient with silica. In the total iron VB. silica 
diagram two parallel trends are visible which cannot be interpreted as a single fractionation trend. 
The main trend is marked with a solid trend line while the minor trend is given with a dashed trend 
line. The two separate trends are also evident in the Zn VB. Si02 plot although the trends are not 
parallel, and can be seen in other variation diagrams such as A120 3, CaO, K20, Zr, Ba and Sr VB. 
Si02. -In most of these diagrams the two trends are roughly parallel to each other except for Ab03 
and CaO VB. Si02. Although insufficient data are available the overall pattern may be due to the 
formation of distinct compositional cells in a zoned magma chamber. 
Comparing the chemical compositions of the Somers Rhyolite with that of the Somers Ignimbrite 
(SMITH, 1994) it is evident that the two have a similar silica range. The high-grade ignimbrites 
of SMITH (1994; Members 1 to 12) show the same elemental variation. High-grade ignimbrites 
(this thesis) below Member 1 of SMITH (1994) do not plot in the ignimbrite fields of the overlying 
high-grade ignimbrite sheets (see, for example, the Ab03 and Ba VB. Si02 plots) but fall within 
the main trend of Somers Rhyolite. The established distinction between the two units on the basis 
of silica content is therefore not sustained. This has implications for the distribution of the Somers 
Rhyolite and Somers Ignimbrite in the geological map of the Woolshed Creek area. Fig. 13.5a 
shows a distribution map of the silica variation in the Woolshed Creek area which is overlain by the 
geological map of SMITH (1994) in Fig. 13.5b. It is apparent, that the distinction between Somers 
Rhyolite and Somers Ignimbrite, on the basis of silica contents as suggested by SMITH (1994), is 
not possible and leads to misinterpretations. 
The two trends seen in the bivariate element plots can be translated into topographical variation. 
The main trend comprises samples of the upper Woolshed Creek south of the Mt Somers Fault, 
while the minor trend is represented by samples in the lower and middle Woolshed Creek and also 
by samples north of the Mt Somers Fault, stratigraphically in the same position (Fig. 13.5a). All 
other major element oxides but MgO, Na20 and P205 show a distribution pattern similar to that 
of silica although the distribution maps of their variations are not presented here. MgO, Na20 and 
P 20 5 show not such a distribution pattern since they show little variation with increasing silica 
content. 
13.3 Petrography 
This section describes the mineralogical composition and groundmass features of the rhyolites in 
the study area. The emphasis is on the lithological characteristics in order to distinguish between 
lava flows/domes and high-grade ignimbrites and the relation between the two. 
All rhyolitic rocks at Mt Somers have an identical phenocryst assemblage consisting of sanidine, 
plagioclase, quartz and minor biotite, ilmenite, magnetite and garnet (e.g., OLIVER, 1977; SMITH, 
1994). Accessory minerals are zircon and apatite. Orthopyroxene, monazite and allanite have 
been described by WOOD (1973) and BARLEY (1987) but were not reported in Somers Ignimbrite 
by SMITH (1994). Cordierite, fayalite and amphibole represent newly described minor phenocryst 
phases. 
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Figure 13.3: Bivariate major element oxide plots of Mt Somers rhyolitic rocks (normalised to 100 wt-%, volatile-
free). Only unaltered samples with LOI <1.2 wt-% are plotted. See text for discussion. 
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13.3.1 Mineralogy 
Detailed mineralogical work involving microprobe studies of the phenocryst phases was not a major 
subject of this studyl. Such microprobe studies may reveal whether compositional differences exist 
between sanidine, plagioclase and the minor mafic minerals in the rhyolitic formations, and could 
be the subject of further studies. If compositional differences in mineral phases from different for-
mations are present they may give answers about magma chamber processes and magma evolution. 
The main difference between phenocrysts in the Somers Ignimbrite and Somers Rhyolite arises from 
the degree of fracturing and fragmentation which is due to the different emplacement mechanisms, 
e.g., explosive VB. effusive. In general, the high-grade ignimbrites have a higher content of broken 
phenocrysts. The differences in the fragmentation state is the subject of a detailed discussion in 
Section 13.4. Otherwise, phenocryst phases in the Somers Ignimbrite and Somers Rhyolite show 
the same characteristics such as freshness, degree of alteration, size range and habit. 
The phenocrysts are discussed in the order of their abundances, e.g., the most abundant mineral 
phase is discussed first. Three previously not described minerals, cordierite, fayalite and amphi-
bole, have been identified in a Somers Rhyolite sample and are described in detail further on. 
Fragments of what is likely to be orthopyroxene were identified in two samples. Orthopyroxene 
was described by BARLEY (1987) in the Mt Somers rhyolites and it also occurs in the Barrosa An-
desite. Re-examination of thin sections by OLIVER (1977) and SMITH (1994) revealed the presence 
of orthopyroxene. The orthopyroxene is briefly described and their occurrence is traced. 
Modal phenocryst percentages have been determined by a combination of point counting and 
image analyses. Image analyses proved to be efficient in determining the overall phenocryst contents 
since the matrix in all thin sections was mid- to dark-grey devitrified (see discussion in Appendix E 
on page 465 about the application of the image analyser). However, it was not possible to distinguish 
between the felsic minerals, sanidine, plagioclase and quartz, all of which have the same grey level. 
The modal percentages of the felsic minerals were therefore determined by point counting. All 
results are listed in the descriptive tables of the thin sections of Mt Somers in Appendix D.8 on 
page 450. 
Sanidine 
Sanidine is the main phenocryst phase and its modal phenocryst abundance ranges from 3.4-20.3% 
with an average of 8.5%. It occurs mainly as subhedral to anhedral laths having a wide size range. 
In general, sanidine crystals are between 1-2 mm long with a maximum size of 5.6 mm. The larger 
anhedral crystals tend to be well rounded and occasionally show embayments (figs. 13.6 and 13.7). 
The larger subhedral crystals are frequently internally fractured, which have a parallel orientation 
within a single crystal (Fig. 13.8). Occasionally, the fracture sets in two or three adjacent crystals 
have the same orientation. Sanidine commonly has no twinning or is rarely simple Carlsbad twinned. 
Simple zonings involving few zones occur rarely. In contrast to plagioclase, sanidine forms minor 
glomeroporphyritic aggregates together with all other phenocryst minerals. Where sanidine is in a 
felsitic matrix it is sometimes overgrown by a tiny rim of secondary quartz (Fig. 13.9). 
1 Microprobe analyses have only been done for certain minerals to confirm microscopic findings. 
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Figure 13.6: Phenocryst assemblage in the Somers Rhyolite consisting of sanidine, plagioclase, quartz and minor 
garnet and opaques, set in a felsitic groundmass. Sample: MS-5. Length of view: ca. 3.8 mm. 
Figure 13.7: Same thin section view as in Fig. 13.6 fin c.P.L. 
Figure 13.8: Sanidine phenocryst showing a parallel set of fractures plus a through-going fracture transecting 
the matrix. The flow layering is defined by different forms of recrystallisation. Sample: MS-17. Length of 
view: ca. 3.8 mm. 
Figure 13.9: Sanidine crystal with an overgrowth of secondary quartz. Clusters of secondary quartz are frequently 
found in the matrix. In regions of extensional stresses the quartz crystals are frequently elongated such as 
those growing from the upper rim of the sanidine. Such elongated quartz crystals are especially found in the 
gaps of pull-apart phenocryst. 
Figure 13.10: Extensively sieve-textured plagioclase with slightly misaligned domains in which the individual 
plagioclase domains (small rectangles) are slightly misaligned to each other (in P.P.L.; see Fig. 13.11 at the 
right). Sample: MS-14. Length of view: ca. 3.8 mm. 
Figure 13.11: Same thin section view as in Fig. 13.11 in c.P.L. The overall extinction pattern of the twinning is 
preserved. Length of view: ca. 3.8 mm. 
Quartz 
Quartz is slightly more abundant then plagioclase and its modal abundance ranges from 0.1-11.4% 
with an average of 5.0%. It is commonly euhedral (bipyramidal) to subhedral and frequently 
rounded (figs. 13.6 and 13.7). The rounding is more pronounce for smaller crystals. Many quartz 
crystals also show deep embayments. The average crystal size is rv 1 mm with some crystals up to 
2.3 mm. Some quartz crystals have an undulatory extinction pointing to mechanical deformation. 
Only rarely have parallel fractures sets such as in sanidine been observed. 
Plagioclase 
There is 4.2 modal-% plagioclase with a range of 0.6-7.9 modal-%. Plagioclase crystals are in 
general euhedral to subhedral with minor roundings and embayments (Fig. 13.6). They are com-
monly zoned but have few zones present, which occasionally are oscillatory. The plagioclases are 
commonly twinned according to the Albite and Carlsbad laws with frequent additional Periclase 
law twins, although minor untwinned plagioclases occur. The microscopically determined anorthite 
content of An2o-4o is confirmed by microprobe analyses (Appendix G.4 on page 489) which give a 
range of An23-38. 
Plagioclase crystals frequently form glomeroporphyritic aggregates together with all other phe-
nocryst phases. Like sanidine, plagioclase also shows a parallel fracture set within a single crystal. 
These fractures are often filled with fibreous alteration material or with recrystallised quartz. Larger 
plagioclase crystals tend to have extensive sieve textures (Fig. 13.10). However, the recrystallised 
glass inclusions which commonly form the sieve textures have usually concavely-shaped rounded 
corners whereas the corners of the recrystallised glass inclusions in the large plagioclases at Mt 
Somers reveal outward entrenched corners. The structures appear to be formed by a mosaic of 
slightly misaligned plagioclase domains (rectangles) with rounded corners. The origin of this struc-
ture within the plagioclase depicted in Fig. 13.10 is explained in Section 13.4 on page 332. The 
overall extinction pattern of the various twin sets across the entire crystal is preserved although 
slightly misaligned to each other (Fig. 13.11). 
318 
13.3. PETROGRAPHY 
Figure 13.6 Figure 13.7 
Figure 13.8 Figure 13.9 
Figure 13.10 Figure 13.11 
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Figure 13.12: Euhedral pale-red garnet phenocryst in sample MS-26. Garnet frequently includes opaques and 
accessory minerals and occurs as individual crystals set in the matrix or in glomeroporphyritic aggregates 
together with all other phenocrysts. Length of view: ca. 3.8 mm. 
Figure 13.13: Only rarely is the garnet observed to have a fracture pattern similar to desiccation cracks in mud. 
The cracks are void and the entire garnet is rimmed by tiny micas. The matrix is characterised by a poikilitic 
texture (cf. also Fig. 13.16). Sample: MS-13. Length of view: ca. 3.8 mm. 
Figure 13.14: Fresh euhedral cordierite phenocryst in sample MS-11. It has a tiny greenish alteration rim. Scale 
bar: 100 11m. . 
Figure 13.15: Fresh fayalite phenocrysts are always enclosed in a yellow-brown (±isotropic) material but have a 
tiny opaque alteration rim. Often the alteration is rimmed in turn by micas and a mosaic of secondary quartz. 
If the quartz is adjacent to opaques the two frequently show a myrmekite-like intergrowth. Sample: MS-ll. 
Scale bar: 100 11m. 
Figure 13.16: A combination of felsitic and poikilitic texture. The patches are generally circular in outline but in 
areas of apparent flow shearing such as between phenocrysts they are often highly elongated. Sample: MS-13. 
Length of view: ca. 3.8 mm. 
Figure 13.17: Slightly rotated but otherwise the same thin section view as in Fig. 13.16; a combination of felsitic 
and poikilitic texture in c.P.L. Sample: MS-13. Length of view: ca. 3.8 mm. 
Opaques 
Opaques are very minor in the rhyolitic rocks at Mt Somers and comprise magnetite and ilmenite. 
Magnetite is commonly equant and well rounded or corroded but four-sided euhedral shapes do 
occur. Its maximum size is 0.7 mm in diameter but commonly magnetites are about 0.3-0.4 mm 
in diameter. Ilmenite forms elongated needles and laths up to 0.9 mm in length. 
Garnet 
The garnets at Mt Somers are generally euhedral to subhedral, rounded and show minor embayments 
(Fig. 13.12). Commonly they are fresh but occasionally garnets show a fibrous alteration rim 
(probably micas) or a rim composed of micas and quartz. Rare thin opaque rims and an internal 
replacement mesh structure have been observed. Their colours vary widely although pale pink and 
orange-red colours dominate. However, greenish-orange, pale green, bright orange-red, red and dark 
red garnets have been found. Some orange garnets are partially isotropic which could be the result 
of hydration of the garnet. A structure similar to desiccation cracks occurs very rarely in dark red 
garnets (Fig. 13.12). The cracks are void although affected garnets have a thin fibrous alteration 
rim (micas). No zonation has been observed under the microscope. 
The average garnet size is about 1 mm although large crystals of up to 2.0 mm in diameter are 
present. Garnets occur as individual crystals set in the matrix or as part of glomeroporphyritic 
aggregates together with all other phenocrysts (Fig. 13.6). Garnets also occur together with quartz 
in complex intergrowths. Garnets include zircon, apatite, biotite and minor allanite, minerals which 
are otherwise present as accessory minerals in the groundmass. 
The predominantly fresh appearance and general euhedral shape of the garnets suggest a mag-
matic origin. BARLEY (1987) also suggested a magmatic origin of the garnets from Mt Somers 
based on compositional similarities to magmatic garnets in high-silica rhyolites of the Violet Town 
Volcanics, eastern Australia (CLEMENS & WALL, 1981) and garnets grown in experiments on per-
aluminous silicic melts at 5 kbar (CLEMENS & WALL, 1984). 
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Figure 13.12 Figure 13.13 
Figure 13.14 Figure 13.15 
Figure 13.16 Figure 13.17 
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Olivine 
In two thin sections mainly fresh (cores) and minor (rims) altered olivines have been found which 
were previously not described from the Mt Somers rhyolites (samples MS-ll and MS-12). Electron 
microprobe analysis shows a fayalitic composition with a restricted composition range (Fa93.4-95.1; 
results are listed in Appendix G. 7 on page 505). The fayalite is colourless and often euhedral 
although it is commonly enveloped in a yellow-brown alteration material and has rarely contact 
to the matrix. The altered material is amorphous but is in places spherulitic. It often has a rim 
of secondary quartz (Fig. 13.15) and micas. If the quartz is adjacent to opaques both show a 
myrmekite-like intergrowth. The maximum size of the fayalite is 0.76 mm. 
Cordierite 
Cordierite is a mineral also newly described in the Mt Somers rhyolite. It occurs in the Somers 
Rhyolite although only one fresh crystal has been found (sample MS-ll). The presence of more 
cordierite is likely because in a number of instances crystals with similar crystal size and hexagonal 
cross section have been plucked out due to the preparation of these thin sections. 
The cordierite in Fig. 13.14 is euhedral (hexagonal cross section) and shows a characteristic 
sector zoning. All optical properties are characteristic of cordierite. 'The diameter of the cordierite is 
0.28 mm. It includes a multitude of tiny opaque blebs ~hich are irregular in shape and also yellow-
brown pleochroic lath which are probably biotite. Rare inclu~ions of zircon have yellow halos. The 
cordierite has a thin pale-greenish alteration rim of pinite--a fine mixture of muscovite, chlorite and 
iron oxides. SEIFERT & SCHREYER (1970) suggested three modes of pinite formation whereby the 
following is the most likely in this environment: cordierite+K+ +OH- +H20 --+ muscovite + chlorite. 
Pinite occurs in rare fractures within the cordierite. Rare completely altered cordierite phe-
nocrysts consist of apparently the some green alteration material as the pinite rim of the fresh 
cordierite (sample MS-46). A hexagonal cross section and identical size to the fresh cordierite may 
point to the former presence of cordierite. Similar completely pinitised cordierites were described in 
the almandine-bearing Rubicon Rhyolite, Cerberean Cauldron, Central Victoria, Australia (BIRCH 
& GLEADOW, 1974). At this location the rhyolite is overlain by rhyodacites (Lake Mountain Rhy-
odacite) which carries fresh cordierite as well as rhyolite inclusions with fresh cordierites (BIRCH 
& GLEADOW, 1974). The rhyolites and rhyodacites have a very similar phenocryst assemblage to 
that of the Mt Somers rhyolite consisting of qu+k-fsp+plag+bio+cor±gt±opx. 
Microprobe analyses of the cordierite (Appendix G.9 on page 507) confirm its presence and 
shows it to be rich in iron. All other ferro-magnesian minerals are also extremely rich in iron 
(biotite, garnet and orthopyroxene; BARLEY et al., 1988, and olivine, this thesis). Cordierite has 
been described in other rhyolite occurrences such as the Oketo Rhyolite, Japan (WATANABE & 
HASEGAWA, 1981) and from Torniella, Tuscany, Italy (SCHENK & ARMBRUSTER, 1985). 
Occasionally, a pseudomorphic colourless to pale yellow and almost isotropic mineral aggregate 
fills crystal shapes which suggest cordierite. In general it forms a sponge-like aggregated rather than 
replacing the former mineral as a uniform growth. Electron microprobe analysis of the alteration 
(sample MS-24, not listed in Appendix G) shows a very low total of 77.7 wt-% probably due to 
the presence of water. Compared with the composition of the fresh cordierite a marked increase in 
Ti02 and CaO and a pronounced decrease in A120 3, total iron and minor MgO and K20 is evident. 
A very similar alteration product of cordierite was described by HASLAM (1983) in migmatites 
and banded quartzofeldspathic gneisses in the Champira Dome, Malawi. X-ray analyses of this 
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alteration product showed weak patterns of a dioctahedral kaolinite group mineral plus traces of 
probably illite and quartz. The isotropic nature of the alteration material and the weak kaolinite 
X-ray patterns were interpreted such that the kaolinite formed by partial ordering in an entirely 
amorphous alteration product of cordierite. 
In experimental runs by SCHENK & ARMBRUSTER (1985) in which cordierite crystals were 
annealed for two weeks at 90°C in HCI-solution an optically isotropic, transparent and X-ray 
amorphous hydrous silica mineral was produced which pseudomorphically replaced the original 
cordierite. During these experiments AI, Fe and Mg were leached out-an identical tendency to 
that described above for the alteration in sample MS-24. This experimentally produced replacement 
mineral may be the same as the sponge-like isotropic aggregates found in some samples of the Mt 
Somers rhyolite. 
The same authors described a dioctahedral beidellite-nontronite as an alteration product of 
cordierite in rhyolites from Torniella, Tuscany, Italy. The alteration of the cordierite at this location 
may be regarded as a complete ordering of a previously amorphous alteration product as described 
above by HASLAM (1983). EMPA data of the alteration product in sample MS-24 are almost 
identical to compositional data of the beidellite-nontronite solid solution series as given in SCHENK 
& ARMBRUSTER (1985) having similar low totals. 
If the isotropic and often sponge-like material is indeed an alteration product of cordierite 
then cordierite was more widespread and at least as abundant as orthopyroxene and possibly as 
common as as biotite. The altered cordierite tends to be found in samples having a high silica 
content (lowermost stratigraphic position) while the fresh cordierite is associated with samples of 
slightly less silica which are stratigraphic higher. A similar pattern was described in the Cerberean 
Cauldron, Central Victoria, Australia (BIRCH & GLEADOW, 1974) where altered cordierite has a 
stratigraphic lower position than fresh cordierite. 
Orthopyroxene2 
In two thin section (MS-40 and MS-41) the presence of orthopyroxene is likely, although the small 
size precluded a positive identification. Re-examination of thin sections studied by OLIVER (1977) 
and SMITH (1994) showed the presence of a number of orthopyroxenes in two thin sections each. 
Here, the orthopyroxene is fresh, euhedral to subhedral and up to 0.7 mm long. It occurs either 
as individual phenocrysts or as several crystals in glomeroporphyritic aggregates together with 
plagioclase. 
The orthopyroxene present in OLIVER'S (1977) thin sections occurs in a rhyolite (PO-176) and 
pitchstone (PO-552) from the NE-face of Mt Somers. Unfortunately, the grid reference given 
does not indicate whether the orthopyroxene occurs in the Somers Rhyolite or Somers Ignimbrite. 
However, the matrices of the two thin sections do not suggest an ignimbritic character and it is 
assumed that the samples represent Somers Rhyolite. The two samples of SMITH (1994) (TS-048 
and TS-050) are from the Woolshed Creek Ignimbrite occurring north of the Mount Somers Fault. 
The two samples with likely orthopyroxene present (MS-40 and MS-41) are from the east side 
of the middle part of the Woolshed Creek. In summary, orthopyroxene seems to be present in very 
small quantities in the Somers Rhyolite and to occur across the entire outcrop area of the Somers 
Rhyolite. 
2Microprobe analyses of orthopyroxenes from Mt Somers rhyolite by BARLEY (1987) show them to be rich in iron 
(Fe85). 
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Biotite 
Sparse biotite phenocrysts occur in a number of samples although it is often completely altered 
to opaques. However, fresh subhedral crystals and crystal fragments occur which are strongly 
pleochroic (brown to green) (e.g., sample MS-23 to MS-26, MS-30, MS-40 and MS-45 to MS-49). 
In general, the degree of alteration varies drastically within one thin section; fresh and completely 
altered biotites occur close to each other. The biotite phenocryst size ranges from 0.4 to 0.9 mm in 
length with an average of 0.7 mm. Altered biotite tends to be slightly longer than fresh biotite. 
A microprobe analysis of a fresh biotite core is given in Appendix G.9 on page 507. Compared 
to biotite analyses by BARLEY (1987) the biotite is less iron rich and has more magnesium. 
In many thin sections biotite also occurs as a secondary phase in the form of tiny fresh flakes 
in a felsitic/poikilitic groundmass. Generally, the biotite flakes are 0.03 to 0.08 mm long and 
form radiating clusters which are not affected by the flow layering. Only rarely is an alignment of 
secondary biotite flakes parallel to the flow layering observed. This occasional alignment may point 
to biotite formation in the late stages of lava flowage; or the preferred orientation may be due to a 
growth in a directional stress regime. 
The biotite flakes also occur as radiating clusters around some garnets and opaques as an 
alteration product. Occasionally, entire crystals are replaced by biotite flakes and opaques whereby 
the overall crystal shapes may suggest the former presence of amphibole or olivine. 
Amphibole 
In a number of samples completely altered minerals are present for which the alteration type 
and shape of the original minerals suggest the former presence of amphibole (see the 'Remarks' 
column in the microscopic description of Mt Somers rhyolite in Appendix D.8 on page 450 for 
samples). However, in one sample (MS-24) fresh relict amphibole is preserved in the centre of a 
completely replaced material having the characteristic amphibole cross section. Optical properties 
point to eckermannite [biaxial negative, 2V angle of ",650 , O.A.P. II (010), Z 1\ c ",450 , characteristic 
pleochroic scheme]. This composition is confirmed by an electron microprobe analysis (Appendix 
G.8 on page 506) which shows that the amphibole belongs to the alkali amphibole group (ferro-
eckermannite, after HAWTHORNE, 1981). 
The alteration involves opaques (possibly F~Ti oxides), plagioclase, biotite and a fine greyish, 
almost isotropic material. It can therefore not easily be classified as either the 'black' or 'gabbroic' 
type of alteration rim according to GARCIA & JACOBSON (1979)-although the alteration tends to 
be more of the 'gabbroic' type3 . 
Accessory minerals 
Characteristic accessory minerals are zircon and apatite both of which may occur together in a 
thin section or separately. The maximum length of both phases is 0.5 mm but on average it is 
between 0.05 and 0.2 mm. These accessory minerals occur in the groundmass as single crystals and 
also as inclusions in all other phenocryst phases. 
Occasionally allanite occurs as an accessory mineral although not as widespread as zircon and 
apatite. Allanite was identified on a fairly large crystal (0.38 mm in diameter of a hexagonal cross 
section) in sample MS-25. It is characteristic orange-brown-red with a pronounced colour zonation 
3The 'gabbroic' type is considered to be due to an decrease in /H2 0 in the magma reservoir, while the 'black' type 
is caused by oxidation and dehydrogenation during or after extrusion (RUTHERFORD & HILL, 1993) 
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and pleochroic. Other optical properties are consistent with allanite [8 ",,0.018, biaxial negative, 
O.A.P . .-l (001)]. The size of allanite is generally smaller and ranges from 0.05 to 0.1 mm. Allanite 
was also described by BARLEY (1987) in the Mt Somers rhyolites. Allanite is rare in high-silica 
volcanic rocks (WOOD, 1974) but it has been described as primary microphenocrysts in the Toba 
rhyolite, Sumatra (MAREL, 1948), in several biotite-bearing silicic ashes in the Western United 
States (IZETT & WILCOX, 1968), in pumices of the Bishop Tuff (CAMERON, 1984) and in rhyolites 
in northern Italy (BARTH et aZ., 1994). 
13.3.2 Temperature and pressure estimates 
In this section the phenocrystic mineral ass~mblage is used to infer temperature and pressure 
estimates of the magmatic conditions. The previously established T, p estimates are summarised 
first. Then the three newly described minerals, cordierite, fayalite and amphibole, are considered 
in relation to the established magmatic conditions and compared with recent experimental studies 
involving the extended mineral assemblage. 
Garnet-bearing volcanic rocks, ranging from silica-rich andesites to rhyolites, with minor hydrous 
phenocrysts are described from various occurrences around the world: Borrowdale Volcanic Group, 
English Lake District, England (OLIVER, 1956; FITTON, 1972), Slovakia (BROUSSE & BIZOUARD, 
1972), southern Sierra Nevada, California (BACON & DUFFIELD, 1981), Antarctic Peninsula Vol-
canic Group of Trinity Peninsula, Antarctica (HAMER & MOYES, 1982), Sinai (REYMER, 1983), 
Hungary (EMBEY-IsZTIN et aZ., 1985) and the Pyrenees (GILBERT & ROGERS, 1989). More ubiq-
uitous is the occurrence of garnet-bearing granites (REYMER, 1983). Almost all of the occurrences 
are characterised by peraluminous, often calc-alkaline, corundum-normative igneous rocks which 
have an origin attributed to the partial melting of a sedimentary source at depths greater than 
14-17 km (>4-5 kbar). The magma stayed long enough at these depths for garnet to nucleate 
and grow and was then rapidly transferred to the surface. In all these occurrences, the garnet is 
almandine-rich and spessartine-poor4 and it has been interpreted as primary in origin. 
Previously established magmatic conditions for Mt Somers rhyolites 
Temperature and pressure estimates for the Mt Somers rhyolites were established by BARLEY 
(1987) and BARLEY et aZ. (1988) and Table 13.1 summarises all available data. Based on textural 
evidence, the assemblage qu+plag+gt+opx+bio formed relatively early at near-liquidus magmatic 
equilibrium conditions. The early phenocryst assemblage equilibrated at T > 850°C at pressures 
close to 7.0 kbar (20~25 km depth). Application of BURNHAM's (1979) melt-water mixing model 
yields a water content of <3.5% water at 7 kbar which means that the rhyolite was markedly water-
undersaturated (BARLEY, 1987). Sanidine joined later at temperatures between 680-820°C (see 
table 13.1). The high-pressure mineral assemblage gt+opx+plag indicates a fractionation close to 
the source5 and that the magmas were erupted from depths> 20 km without time for re-equilibrium 
of the phenocrysts. According to BARLEY (1987), water-saturation during magma ascent probably 
triggered the explosive ignimbrite eruptions whereas lava flows and domes were erupted from local 
4The composition of magmatic garnets in Mt Somers rhyolites is Alm76-80Spess2.9-3.3Gross13.6-16.0 (BARLEY, 
1987). 
5Based on experimental studies by BURNHAM & JAHNS (1962), WOOD (1974) suggested that the assemblage 
opx+gt+qu crystallised near the liquidus in the rhyolitic magma at 900-1000°C under load pressures of 10-15 kbar 
and water vapour pressures >1.5 kbar (2:5% water). 
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Table 13.1: Summary of temperature and pressure estimates as derived from various geothermometers and geo-
barometers as well as experimental results for Mt Somers rhyolites (after BARLEY, 1987). Temperature is in 0(, 
pressure in kbar. 
Method T-range T-aver. p Reference 
plagioclase geothermometer 800-940 858 WOOD (1974) 
orthopyroxene stability (exp.) 800-900 CLEMENS & WALL (1981) 
garnet as near-liquidus phase (exp.) 900-1050 10-15 WOOD (1974) 
gt-bio, Fe-Mg exchange thermometer 830-960 880 FERRY & SPEAR (1978) 
gt-opx-plag-qu geobarometer 850 7.0 BOHLEN et al. (1983) 
two feldspar geothermometer 680-820 740 STORMER (1975) 
high-level magma chambers. 
BARLEY (1987) suggested that the basaltic andesites and less evolved andesites-having a tholei-
itic mineralogy and total iron to magnesium ratios-evolved towards calc-alkaline and peraluminous 
compositions by assimilation of metasediments in the lower crust and fractional crystallisation. This 
is consistent with initial Sr isotope data (BARLEY et al., 1988). Initial Sr isotope ratios ofthe rhy-
olites are consistent with a derivation by partial melting of dominantly quartzo-feldspathic Torlesse 
sediments. The source of parent magmas for the andesite and dacite at Mt Somers had lower initial 
Sr ratios. Together with the transitional tholeiitic/calc-alkaline character ofthe andesites a mantle 
source may be envisaged (BARLEY et al., 1988). 
In the following the presence of the three newly described minerals cordierite, fayalite and 
amphibole is discussed in the light of the above established magmatic conditions according to 
BARLEY (1987). 
Stability of cordierite in the phenocryst assemblage 
The assemblage cordierite-garnet, especially the Mg-Fe partitioning in both minerals, in amphibolite-
and granulite-facies metamorphic rocks has been used as a geothermometer such as in a recent 
refinement by DWIVEDI (1996) as well as a barometer and water fugacity indicator (MARTIGNOLE 
& SISI, 1981). The coexistence of garnet and cordierite in a restricted T/p--interval occurs because 
ofthe Fe-Mg substitution (HENSEN, 1972). Insufficient compositional data offresh cordierite at Mt 
Somers precludes an application of these methods. However, comparisons with melting experiments 
involving these minerals give a good indication of the likely formation conditions. 
Experimental studies on the garnet-cordierite equilibrium in the system Fe--Mn-Al-Si-O-H 
showed that coexisting garnet and cordierite occurred at 750°C (WEISBROD, 1973a). The pro-
duced cordierite was described as having a sponge-like habit. Attempts to synthesize a cordierite 
with at least 10% of Mn end member failed and the runs yielded either garnet+cordierite or fay-
alite+cordierite. SCHREYER (1965) showed experimentally that pure Fe--cordierite is stable up 
to 6 kbar. The assemblage Fe--cordierite+qu has a large stability field at pressures <4 kbar 
(RICHARDSON, 1968). The high-pressure stability limit of Fe--cordierite was experimentally de-
termined by WEISBROD (1973b). At 700°C the upper stability limit is '"'-'3.5 kbar and at 850°C 
it is '"'-'3.0 kbar. The reaction. forming cordierite, almandine and K-feldspar was investigated by 
HOLDAWAY & LEE (1977) and found to probably represent a melt-forming reaction. Using their 
experimentally established stability diagrams and the composition of Mt Somers cordierite the sta-
bility of the assemblage is as follows: for PH 2 0 = Ptot at '"'-'780°C the maximum pressure is '"'-'4 
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kbar and at 900°C it is ",,3.6 kbar; for PH2 0 = O.4Ptot at ",,650°C the pressure is ",,3.3 kbar and at 
",,850°C it is ",,2.5 kbar. 
High-pressure melting studies by GREEN (1976) on a pelitic composition with 2 and 5 wt-
% added water showed that cordierite, quartz, biotite, sillimanite and plagioclase are important 
residual phases coexisting with the granitic liquid at 4 kbar. At 7 kbar garnet joins the assemblage 
and becomes dominant over cordierite at 10 kbar. At 7 kbar with 5 wt-% water, garnet was 
present in runs down to 8200 but not 7800 • He applied these results to the S-type granites from 
eastern Australia which either carry cordierite or garnet and suggested that the cordierite-bearing 
granitic rocks probably derived from pelitic sediments by partial melting at depths <25 km while the 
garnet-bearing granites were derived at depth ~25 km. GREEN (1976) suggested the equilibrium 
partial fusion of a pelitic parent, rather than fractional fusion as the most important melting 
process involved in the generation of S-type granites. Another interesting result of GREEN's (1976) 
experiment is the likely reaction orthopyroxene + liquid ~ biotite at ca. 9000 with decreasing 
temperature. 
In summary, the iron-rich cordierite at Mt Somers appears to have a upper stability limit of ",,7 
kbar in the temperature range of"" 800-900°C coexisting with almandine (GREEN, 1976). Using 
the experimental results of HOLDAWAY & LEE (1977), the iron-rich cordierite at Mt Somers is in 
equilibrium with almandine and K-feldspar between 3.5-4 kbar in this temperature range. This 
indicates that cordierite joined the high-pressure phenocryst assemblage qu+plag+gt+opx+bio 
later on at lower pressures (lower depths) by further assimilation of sedimentary material. 
Stability of fayalite in the phenocryst assemblage 
In highly evolved igneous rocks, quartz can coexist with iron-rich olivine whereby the relationship 
between both and Fe-Ti oxides are described by the equilibrium Quartz + Ulvospinel = Ilmenite + 
Fayalite or short QUIlF (FROST et ai., 1988). Rocks containing both Fe--Ti oxides as well as quartz 
and fayalite are important because temperature and oxygen fugacity are overdetermined and the 
equilibrium conditions for such rocks can be estimated with a high precision (FROST et ai., 1988). 
All four minerals are present in the rhyolites at Mt Somers; however, a systematic study of the 
minerals involved was beyond the scope of this thesis and further analytical investigations (EMPA) 
on this mineral assemblage may yield the precision equilibrium data. 
Fayalite-bearing rhyolites carrying this mineral assemblage are described from many occurrences 
such as Taupo, New Zealand (EWART et ai., 1975), McDermitt Caldera, Nevada-Oregon (CONRAD, 
1984), Glen Shurig, Mono Craters, and Iceland (e.g., CARMICHAEL, 1967). Calculations by FROST 
et ai. (1988) showed that the cited occurrences have an equilibrium pressure limit of <3.5 kbar, 
except for the rhyolites from Taupo with <2.0 kbar and Mono Craters with <2.5 kbar. Similar low 
pressures were calculated for significant portions of the Bandelier magma chamber, especially for 
rhyolites having orthopyroxene and fayalite as ferromagnesian phenocrysts (WARSHAW & SMITH, 
1988). 
In the discussion of iron-rich orthopyroxenes in the Mt Somers rhyolites, WOOD (1974) com-
pared the phenocryst assemblage of Mt Somers rhyolite with that of another occurrence of iron-rich 
orthopyroxene in high-silica volcanics from Asio, Japan, and noticed the absence of fayalite. The 
iron-rich ferromagnesian mineral assemblage of the dacite pitchstone from Asio, Japan, comprises 
orthopyroxene, almandine, fayalite, almandine and minor ferroaugite (KUNO, 1969). Apart from 
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ferroaugite, the ferromagnesian mineral assemblage at Mt Somers is almost identical but also in-
cludes minor hydrous phases (biotite, cordierite and amphibole). Unfortunately no T,p-estimates 
are available. Another comparable occurrence of a rhyolite having biotite, fayalite and garnet 
as ferromagnesian phencrysts is at Monache, Kern Plateau, southern Sierra Nevada (BACON & 
DUFFIELD, 1981) which has an equilibrium temperature of 950° (in: WARSHAW & SMITH, 1988). 
Comparison with other occurrences of fayalite in rhyolites showed that at most occurrences 
fayalite was in equilibrium at pressures lower than 3.5 kbar. This points to a growth in a relatively 
shallow magma chamber possibly facilitated by further assimilation of Torlesse sediments as sug-
gested for the formation of cordierite. The alteration rim of the fayalite indicates a relatively slow 
magma ascent allowing enough time for alteration or changing conditions of the shallow magma 
chamber, perhaps due to a influx of new magma with different properties such as oxygen fugacity 
and water content. The 3.5 kbar is the similar equilibrium condition as found for cordierite. 
Stability of amphibole in the phenocryst assemblage 
The presence of amphibole in the rhyolites at Mt Somers also has implications for magmatic condi-
tions, especially water content. and pressure. The preservation of amphibole depends on the magma 
ascent rate since amphibole undergoes a pressure-dependent breakdown reaction. The slower the 
magma ascends the more the amphibole will be altered, i.e., a slow magma ascent or, alternatively, 
a prolonged storage in a shallower magma chamber, may completely destroy any evidence of am-
phibole. The extent of alteration in the form of the thickness of alteration rims has been used to 
infer magma ascent rates at Mount St Helens (RUTHERFORD & HILL, 1993). 
Experimental work indicates that amphibole crystallisation requires a minimum water content 
of 4.2 wt-% water at 830°C and a water vapour pressure of 1.2 kbar, or a minimum water content 
of 4.6 wt-% at 900°C and a water vapour pressure of 1.6 kbar at pressures greater than 2 kbar 
(RUTHERFORD & HILL, 1993). BARLEY (1987) concluded that the rhyolitic magma had a water 
content of <3.5 wt-% at 7 kbar (20-25 km depth) which would not be sufficient to crystallise 
amphibole. He suggested, that water-saturation occurred during magma ascent. To crystallise 
amphibole a short-term storage at lower depths and water-saturation would be necessary. Alter-
natively, the high water content required for amphibole to crystallise and stabilise may point to 
an already higher water content at a depth of 20-25 km .as suggested by WOOD (1974). It is also 
feasible that amphibole as a hydrous phase crystallised more or less simultaneously with biotite. 
The alteration rim of the amphibole with the fresh core (sample MS-24) is 0.5 mm thick. All 
other alterations, the shape of which suggests the former presence of amphibole, have thicknesses 
not exceeding 1 mm. Therefore, a value of 0.5 mm for the alteration extent can be used to evaluate 
the amphibole breakdown time using the results of isothermal decompression experiments on dacites 
(RUTHERFORD & HILL, 1993). The alteration rim of 0.5 mm exceeds by far the experimentally 
established relationship but suggests that the amphibole breakdown time is much longer than 20 
days. The 'gabbroic'-like alteration type of Mt Somers amphibole is the result of reduced water 
content of the coexisting melt induced by magma ascent and decompression. 
Summary of mineralogical data 
The established temperature and pressure estimates of BARLEY (1987) for the high-pressure mineral 
assemblage qu+plag+gt+opx+bio are >850°C at ",-,7.0 kbar. This temperature is in the range of 
the suggested reaction orthopyroxene + liquid -+ biotite (at ",-,900°C; GREEN, 1976) which may 
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explain the scarcity of orthopyroxene. If amphibole crystallised contemporaneously with biotite 
the suggested water content of :::;3.5 wt-% (BARLEY, 1987) is too low. Either the water content at 
this depth was actually higher, as suggested by WOOD (1974), or amphibole joined the phenocryst 
assemblage later at higher levels in the crust where water-saturation was achieved. 
Both cordierite and fayalite point to a crystallisation at pressures of <",4 kbar and <",3.5 
kbar, respectively. It is suggested that the minerals crystallised in a transitional shallow magma 
chamber by further assimilation of Torlesse sediments. Changing conditions in the magma chamber, 
either due to changing composition due to assimilation, water-saturation or new magma influx from 
beneath resulted in the alteration of biotite, amphibole, and fayalite. A contributing factor for the 
alteration of these minerals may have been slow magma ascent. 
It is suggested that the bulk of rhyolitic magma was generated at depths of 20-25 km and 
that transitional shallow magma chambers existed at higher levels (ca. 14 km, ",4 kbar) in which 
assimilation of compositionally similar sediments resulted in the formation of cordierite and fayalite. 
The zoned magma chamber(s) are likely to consist of compositional cells. However, it is very likely 
that only parts of the shallow magma chambers were affected by this assimilation while unaffected 
melts preserved their original mineral assemblage. This patchy distribution of cordierite and fayalite 
in the shallow magma chambers is reflected by their irregular distribution across the study area. 
The spatially close occurrence of fresh and altered garnet can be explained by eruption dynamics. 
During eruption and tapping of the high-level magma chambers a mixing of phenocryst assemblages 
from patches of additionally assimilated Torlesse sediments and 'original' deep-seated melt occurred. 
Detailed mineralogical and geochemical investigations, especially at the ferromagnesian miner-
als, are necessary to confirm the above suggested scenario and to resolve problems regarding magma 
evolution, magma chamber processes, the geometry of the magma chamber system and stability of 
mineral assemblages at Mt Somers. 
13.3.3 Groundmass textures 
The groundmass textures are discussed in the order of stratigraphic height, i.e., first those of 
the Somers Rhyolite and then Somers Ignimbrite. The phenocryst content is identical in both 
stratigraphic units. Phenocryst abundances vary to a large degree within a stratigraphic unit but 
are within the same range for the two units. Differences in the degree of crystal fragmentation are 
pointed out but are discussed in detail in Section 13.4 on page 332. 
Somers Rhyolite 
In general, the matrix of Somers Rhyolite samples is completely crystallised and characterised by 
a felsitic to poikilitic6 texture as defined in Table 5.1 on page 60. No glassy or pumiceous textures 
have been found. 
Frequently, both felsitic and poikilitic textures are observed in one thin section forming either 
discrete domains, not related to a flow layering, or are strongly oriented according to the flow 
layering. A rather coarse felsitic texture is given in Fig. 13.6 on page 318. Figs. 13.16 and 13.17 on 
page 320 give representative examples of the poikilitic texture. In areas of the matrix not occupied 
by phenocrysts the poikilitic texture is frequently characterised by a mosaic of equidimensional 
quartz patches having a random orientation. Between phenocrysts, such as at the lower right of 
6SM1TH (1994) referred to this texture as a poikilomosaic texture following the suggestion of SHELLEY (1993). 
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Figure 13.18: Slight in situ fragmentation of plagioclase phenocrysts in Somers Rhyolite. Elongated phenocrysts 
are in general aligned parallel to the flow layering. Sample: MS-21. Length of view: ca. 3.8 mm. 
Figure 13.19: Flow layering in a Somers Rhyolite sample as defined by colour differences. The orientation of 
secondary biotite flakes is in general random and not influenced by the flow layering. Sample: MS-25. Length 
of view: ca. 3.8 mm. 
Figure 13.20: Slight in situ fragmentation of a quartz phenocryst in the Somers Ignimbrite with subsequent 
slight displacement. Sample: MS-43. Length of view: ca. 3.8 mm. 
Figure 13.21: In situ fragmentation of phenocrysts in a Somers Ignimbrite sample. It is evident that fragmen-
tation is not defined by pre-existing cracks in the phenocrysts but by directional stresses. Sample: MS-43. 
Length of view: ca. 3.8 mm. 
Figure 13.22: Flow layering in Somers Ignimbrite sample is defined by alternating bands of different colours and 
abundances of broken phenocrysts. Sample: MS-17. Length of view: ca. 3.8 mm. 
Figure 13.23: Dark patches with a high abundance of small broken phenocrysts in a Somers Ignimbrite sample. 
A rough flow layering can be seen by the parallel alignment of the slightly elongated dark patches. Sample: 
MS-42. Length of view: ca. 3.8 mm. 
Fig. 13.16 the patches are highly elongated, stretched and wrapped around the phenocrysts. In 
such situations the quartz patches show a crystallographic orientation with the slow direction (c-
axis) parallel to the elongation. In some samples the patches are elongated throughout the thin 
section and the entire matrix shows this preferred orientation of the elongated quartz patches. In 
the latter case the stretching direction of the patches is parallel to that of the flow layering. 
The origin of the felsitic and poikilitic textures is discussed in Section 5.7.2 on page 84. Felsitic 
and poikilitic textures are characteristic for the interior of rhyolite lava flows and domes which did 
not undergo rapid cooling but rather were well insulated, stayed for numerous years near magmatic 
temperatures and had the slowest cooling times. It is remarkable that no glassy or pumiceous 
samples in the Somers Rhyolite were found in the study area although such lithologies are generally 
part of subaerial rhyolite lava flows and domes (cf. Fig. 8.5 on page 156 and the appropriate 
descriptions for the N gongotaha Dome and Mount Tarawera) 7 . 
All samples show a general flow layering although frequently it is ill defined. Flow layering is 
defined by colour differences (Fig. 13.8 on page 318 and Fig. 13.19) which are often due to different 
abundance of opaques, by parallel orientation of phenocrysts (Fig. 13.18), by recrystallised quartz 
schlieren and by the elongation of quartz patches in poikilitic matrix domains. 
Many samples have recrystallised quartz and/or sanidine mosaics. The recrystallised 
mosaics are distinct from the patches of poikilitic matrix in that they always comprise clear, fresh 
crystals with sharp grain boundaries commonly forming triple junctions. They are also distinct 
from the felsitic texture since no gradation from the very fine-grained mosaic of quartz and alkali 
feldspar with its irregular, anastomosing grain boundaries to recrystallised mosaic has been ob-
served. Crystal sizes in the recrystallised mosaics are rather uniform and range between 0.05 to 0.2 
mm. The form of the mosaics vary widely and comprises irregular patches in the matrix, fillings 
of some embayments and interstices between phenocrysts as well as cracks where phenocrysts have 
been pulled apart. Frequently, however, they form highly elongated schlieren and lenses which 
7The absence of glassy or pumiceous lithologies at Mt Somers may be due to the age of the volcanics. BOUSKA 
(1993) argued that no glasses older than 65 Ma have been found. However, LOFGREN (1971b) cited that there are 
rare glasses older than 135 Ma. A complete devitrification replaces the glass but should preserve original textures. 
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follow the general flow layering. The position of the recrystallised mosaics suggests that they are of 
secondary nature in respect to the formation of flow layering but formed after flow ceased exploiting 
planes of weaknesses, strain and tension shadows. 
Another widespread feature are minute secondary biotite flakes which were described on 
page 324. The biotite occurs as either individual randomly arranged flakes or as small radiating 
clusters, both more or less evenly distributed throughout the matrix (Fig. 13.19). They appear 
superimposed on the matrix cutting through the patches of the poikilitic matrix. Apart from these 
forms of occurrences biotite flakes are also found as (alteration?) rims around some ferromagnesian 
phenocrysts and as a major constituent of completely replaced phenocrysts. All secondary biotite 
flakes have the same optical properties which suggest the same origin. However, microprobe analyses 
are necessary to show whether all secondary biotites are of the same nature or formed under different 
conditions. 
Very rarely a spherulitic matrix is present with individual spherulites forming a mosaic. The 
spherulites are of uniform size «0.1 mm in diameter) and are mainly of the radiating spherulite 
type. Minor half-spheres and rarely sheaf-like forms occur. 
Somers Ignimbrite 
The identification of Somers Ignimbrite generally proved to be very difficult. Most samples of the 
Somers Ignimbrite have· matrix textures identical to that of the Somers Rhyolite, i.e., the matrix is 
felsitic, poikilitic or very rarely spherulitic. This similarity between the lowermost Somers Ignimbrite 
samples and those of the Somers Rhyolite has already been described by SMITH (1994). 
In some instances the state of the phenocrysts, e.g. degree of fragmentation, is identical to 
those of Somers Rhyolite samples. However, other samples show a higher abundance of small 
broken phenocrysts which often are concentrated in certain flow layers (Fig. 13.22) or elongated 
patches and schlieren (Fig. 13.23). No lithics, such as in the Woolshed Creek Ignimbrite, have been 
found. 
13.4 Relationship between rhyolite lava flow/domes and high-grade 
ignimbrites 
13.4.1 Distinction between high-grade ignimbrites and lava flows/domes in the 
study area 
High-grade ignimbrite sheets such as the Somers Ignimbrite (Members 1 to 12 of SMITH, 1994) have 
textural and structural characteristics similar to lava flows. Recent studies on such extensive high-
silica sheets resulted in a reinterpretation of previously established findings (high-grade ignimbrites 
as extensive silicic lava flow and vice versa) and of the volcanic processes involved. A major finding 
is the recognition that there exists a continuum between lava flows and high-grade ignimbrites in 
terms of processes involved and final deposits. Examples are spatter-fed silicic lavas (e.g., DUFFIELD, 
1990) and lava-like ignimbrites (e.g., BRANNEY, et al., 1992). An exhaustive study of this problem 
is not the primary subject of this thesis and the reader is referred to the literature summary in 
SMITH (1994: 127) and the recent discussion in MANLEY (1996). It might be argued that in absence 
of definite features suggesting a high-grade ignimbrite the deposit has to be treated as a lava flow. 
Volcanic deposits which fall right into the continuum between high-grade ignimbrites and lava flows 
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should be treated as transitional and given a tendency/probability towards the one or other. 
This section does not intend to reinterpret the findings of SMITH (1994) regarding the high-grade 
ignimbrites of Member 1 to 12. Only the deposits underlying Member 1 (still Somers Ignimbrite of 
SMITH, 1994) and overlying his Somers Rhyolite are subject to the following discussion. 
Intense welding processes and syn/post-emplacement lava-like viscous flow can obliterate all 
traces of pyroclastic origin. However, the fragmentation state and nature of the phenocrysts may 
give indications about the emplacement nature. Large euhedral to subhedral phenocrysts, glom-
eroporphyritic aggregates and glomerocrysts are generally regarded as diagnostic for an origin as 
a lava flow while abundant broken phenocrysts of a wide size range are considered as evidence of 
fragmentation during explosive eruption. However, there are exceptions to this general picture. 
Broken phenocrysts may be the result of in situ breakage during the final stages of a highly viscous 
flow or by tectonic 'dismemberment' in old lava flow (e.g., ALLEN, 1988). At Mt Somers many 
plagioclase and sanidine phenocrysts show a set of parallel fractures the orientation of which is 
often consistent throughout a thin section (cf. figs. 13.8 and 13.9 on page 318, and also Fig. 13.21). 
These fractures are likely to be tectonically imposed-without being able to separate the segments 
indicating a tectonic event after flow cessation .. MANLEY (1996) describes clusters of phenocryst 
fragments as well as scattered phenocryst fragments (cf. his figs. 6 and 7) in the dense upper 
obsidian unit of Badlands rhyolite flow, Owhyee County, SW Idaho. These textures are explained 
by the comminution of pumices at the surface of lava flows leading to the formation of glass shards, 
pumice fragments, fragments of dense glass and phenocrysts, all of which sift downwards into open 
fractures deeper in the flow. Here the debris can be reheated, compressed and annealed, resulting 
in textures resembling welded ignimbrites. 
The origin of broken phenocrysts in ignimbrites have been the subject of numerous studies 
(e.g., BEST & CHRISTIANSEN, 1997). The general notion that phenocrysts break mainly by mu-
tual impact is dismissed for the following reasons: (i) collision is less likely if phenocrysts move by 
laminar rather than turbulent flow, (ii) the impact force is cushioned by a coating of glass and/or 
melt on the phenocrysts, (iii) fragment shapes of phenocrysts during impact experiments are un-
like those in ignimbrites, and (iv) the presence of abundant euhedral phenocrysts in ignimbrites. 
BEST & CHRISTIANSEN (1997) suggest that cuspate, embayed fragments of phenocrysts-termed 
phenoclasts-originated by rupturing within the vesiculating melt prior to magma fragmentation. 
Decompression in the erupting magma results in the vesiculation of melt entrapped as inclusions in 
phenocrysts at higher pressures and finally cracking and blowing apart of the phenocryst. 
Plagioclase phenocrysts atMt Somers frequently have glass inclusions as expressed by pro-
nounced sieve textures. If vesiculation and expansion of the melt inclusions occurs when the pla-
gioclase crystal is encased in a nonfragmented melt, the crystal becomes fragmented but retains 
its external crystal form since the melt is molded around it. However, the phenoclasts-which 
are shaped like pieces of a jigsaw puzzle-are displaced and create an uneven optical extinction 
and slightly faulted crystal margins (cf. figs. 13.10 and 13.11 on page 318). The characteristics 
of these internally fragmented plagioclases are identical to those described and pictured by BEST 
& CHRISTIANSEN (1997; cf. their figs. 3A and 3B on page 66). Fragmentation by shear stress 
is not likely since the affected plagioclases and surrounding matrix show no indication of local 
flowage. The authors cited also examples of pumice clasts in which the disaggregation occurred 
during shearing of the froth so that the phenoclasts were drawn out into lense-like aggregates within 
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the pumice. Figs. 13.22 and 13.23 show structures resembling their description. Here, small broken 
phenocrysts-most of them are plagioclases-are concentrated in either dark discrete flow layers or 
slightly elongated dark patches, respectively, both of which may represent former pumices. 
Sanidine phenocryst on the other hand are largely inclusion free. Sanidine fragments were 
therefore probably derived by breakage of aggregates (see below) and by impact of crystals. 
Similarly, quartz phenocrysts may be fragmented in the same manner as described above for 
plagioclase although fewer phenoclasts (as few as two to three) will result due to the wider spacing of 
inclusions and/or embayments (BEST & CHRISTIANSEN, 1997). Quartz phenocrysts at Mt Somers 
are generally characterised as well rounded with embayments and minor inclusions. Fig. 13.20 
shows a fragmented quartz phenocryst with very similar characteristics to those given in BEST & 
CHRISTIANSEN (1997; compare with their Fig. 4 on page 67). 
Subhedral to anhedral phenocrysts may have originated by disintegration of crystal aggregates 
(glomeroporphyritic aggregates). In these aggregates, peripheral crystals commonly have euhedral 
external margins while internal margins are generally are not euhedral. BEST & CHRISTIANSEN 
(1997) suggest three ways of disintegration of glomeroporphyritic aggregates: (i) interstitial trapped 
melt can vesiculate and blow apart the aggregate in the same way as described above for the 
phenoclasts, (ii) impact during pyroclastic flow, and (iii) differential expansion of the randomly 
orientated crystals in the aggregate may break up the aggregate during rapid decompression. 
Felsic phenoclasts (broken phenocrysts) are rare in lava flows for possibly two reasons (TAIT, 
1992; BEST & CHRISTIANSEN, 1997). Firstly, overpressure in the melt inclusion necessary for 
rupturing the host crystal is precluded by diffusive re-equilibrium of the volatile pressure during 
the relatively slow magma extrusion. Secondly, already cracked crystals may anneal during slow 
extrusion. Therefore, phenoclasts are regarded as diagnostic for ignimbrites. 
Some samples (figs. 13.22 and 13.23) from the area under consideration have a high abundance 
of small broken phenocryst which can be classified as phenoclasts in the sense as described above. 
On this basis they can be treated as being high-grade ignimbrites. However, at least the same 
number of samples have phenocryst characteristics identical to that of samples from the underlying 
Somers Rhyolite. 
In summary, only the presence of phenoclasts is indicative for the presence of high-grade ign-
imbrites in the area under question. 
13.4.2 Reinterpretation of the geology in parts of the study area 
This section describes the partial reinterpretation of the geology in the study area. This reinter-
pretation affects the upper Woolshed Creek and the transition area eastward towards the Member 
1 ignimbrite sheet of SMITH (1994) as well as the extent of the Woolshed Creek Ignimbrite in the 
lower Woolshed Creek. The reinterpreted geological map is given in Fig. 13.24. The identification 
of samples is based on the geochemical signature, macroscopic and microscopic characteristics in-
cluding the presence or absence of phenoclasts as well as field data. Thin sections by OLIVER (1977) 
and SMITH (1994) have been used to fill in 'gaps' in areas not sampled and were re-evaluated. 
Major changes in the geology are evident in the upper Woolshed Creek south of the Mt Somers 
Fault. All samples as well as previous samples show that the Somers Rhyolite is much more 
widespread as previously suggested. Two exception are sample MS-7 and MS-33. Both samples 
have a relatively high abundance of phenoclasts but on the other hand a silica content of ......,74 
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wt-%. These two samples may be regarded as textures mimicking welded ignimbrites as proposed 
by MANLEY (1996) and described before. 
The Somers Ignimbrite west of the upper Woolshed Creek is reduced to a small island roughly 
following topography. Along the track to the Woolshed Creek hut and west of it no evidence for 
ignimbrites has been found. 
A number of samples in the lower Woolshed Creek have been identified as Woolshed Creek 
Ignimbrite and extend the outcrop situation to either side of the previously defined outcrop area 
along the Woolshed Creek. 
The samples north of the Mt Somers Fault confirm the findings of SMITH (1994) with the 
exception of sample MS-26. This sample has a definite Woolshed Creek Ignimbrite character but 
was sampled close to the Mt Somers Fault in an area of Somers Rhyolite dominance. 
Two samples, MS-18 and :\I1S-19, were sampled from huge boulders within the bed of the lower 
Woolshed Creek and represent Somers Rhyolite-although sample MS-18 has a few domains with 
abundant phenoclasts. This area was identified as undifferentiated alluvium by SMITH (1994). 
Since the outcrop situation of solid rocks is very poor in this area, the samples may be regarded as 
accidental, i.e., the huge boulders originated from higher up the stratigraphic sequence. 
13.5 Use of columnar jointing 
In this section the use of ubiquitous columnar jointing at Mt Somers for identification and relative 
cooling times of the rhyolite lava flows and domes is discussed. The process of columnar jointing 
and their potential usage is discussed in detail in Chapter 7. The theory of columnar jointing was 
established at relatively young basaltic rocks in the United States and part of this study was to 
investigate whether the same jointing theory can be applied to rhyolitic rocks. This discussion forms 
the first part of this section and is followed by the derivation of relative cooling times as indicated 
by column characteristics such as thickness and regularity. Finally, a variety of columnar jointing 
patterns are used to discern between individual lava domes and flows and, hence, locate likely vent 
positions. 
Both Somers Rhyolite and Somers Ignimbrite are characterised by ubiquitous columnar joints. 
In the high-grade ignimbrite sheets the columns are perpendicular to the sheet surface, i.e., per-. 
pendicular to the cooling surface, while the pattern of columnar joints in the lava flows and domes 
are very complex. Figs. 13.25, 13.26 and 13.27 give examples of the complex nature of the colum-
nar joints and show that relatively few simple structures are present to identify the nature of the 
volcanic body, i.e., whether a lava dome or flow is present. In cumulo-dome complexes such as at 
Mt Somers a large number of flows and domes interfere with each other to such an extent that 
frequently only parts of the extrusions are preserved. This makes the identification of lava flows 
and domes in such settings difficult. 
13.5.1 Methodology 
Direct access to many of the cliffs is not possible. Therefore, sketches were made of the columnar 
joint patterns with the help of a binocular and by numerous photomosaics. 
Where access was possible dip and strike of columns and column diameters were recorded. Dip 
and strikes of columns were plotted on a stereonet to give an indication about the probable outline 
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of a lava flow or dome. In areas where direct measurements were not possible, the dip and strike 
. was estimated. 
Cross sectional areas of columns, including at least 30 columns, were photographed and later 
traced on paper to calculate the average side number of the polygons. This number gives an 
indication about the 'maturity' of the jointing system and, hence, the relative cooling time involved. 
13.5.2 Evidence of jointing process 
Apart from the overall similarity of the columnar joints in the rhyolites at Mt Somers with those 
of young basalt flows in the western United States, criteria have been sought which suggest that 
similar processes of columnar jointing are applicable to high-silica volcanics. This is necessary in 
order to use the physical process for cooling modelling. 
The process of columnar jointing is a step-like process (see Chapter 7) involving discrete jointing 
events which find a visible expression in the form of striae on the column surfaces (cf. Fig. 7.13 on 
page 121). The presence of striae at column surfaces at Mt Somers will indicate that basically the 
same jointing process as suggested for basalts occurred in the rhyolites as well. A major drawback 
posed by the age of Mt Somers rhyolites (ca. 89 Ma; OLIVER et al., 1988) is the surface weathering. 
Most column surfaces are smooth and without any traces of possible striae. 
Only at two locations at Mt Somers can striae at column surfaces be identified. The first location 
is depicted in Fig. 13.30 and the striae are shown in Fig. 13.28. These striae are located in the 
lower part of a cliff west of the upper Woolshed Creek (K36/ 747 320). Both photographs were 
taken across the creek and no direct measurements of striae widths was possible. However, the 
striae widths were estimated from the column diameter (ca. 1.0-1.3 m) to be 10-15 cm. Although 
not visible in Fig. 13.28, the striae form at some column edges a characteristic 'j'-shaped profiles 
with a curved lower and a straight upper side indicating an upwards growth of the columns (see 
Section 7.2.6 on page 125). Because of the advanced surface weathering no surface morphologies 
are preserved which could give more detailed information about the jointing process (see Section 
7.2.6). 
The second occurrence of striae is at a lower middle section of the north-east face of Mt Somers 
(K36/ 784 317). Few striae could be identified on four columns, which due to the surface weathering, 
lacked any characteristic surface morphologies. However, the overall pattern of curved and straight 
parts of the striae also indicate an upwards growth of the columns. The striae widths could not be 
measured but are estimated as being 10-13 cm and the column diameter as ",1.2 m. 
The presence of striae itself indicates a position at a certain distance above the base of a 
flow/dome (see Section 7.2.6). In both cases the ratio of striae widths to column face width is in 
the order of 1:8, a ratio which is found in other rock types with columnar jointing. This coincidence 
indicates that the rock composition is not the primary factor controlling this ratio and possibly is 
dictated by the jointing process itself (DEGRAFF & AYDIN, 1993). 
Because of the lack of striae on the column surfaces no statistical investigation on the relationship 
between growth increment (stria width) and joint spacing was possible at Mt Somers. However, 
comparison with basalt flows (Boiling Pots, Hawaii) shows that striae width of 2::10 cm occurs high 
above the basalt flow base and near the top of the lower colonnade. Such high growth increments 
are indicative of a comparatively long cooling time in a well insulated part of the lava flow. 
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Figure 13.25: Example of columnar joints at the lower part of the north-east face of Mt Somers with Canterbury 
Plains in the background. 
Figure 13.26: Example of columnar joints at the upper part of the north-east face of Mt Somers. 
Figure 13.27: The steep cliffs in the upper Woolshed Creek are characterised by ubiquitous columnar joints. 
Figure 13.28: Striae as evidence for the step-like jointing process forming columnar joints. The location of this 
figure is indicated with the white circle in Fig. 13.30 on page 341. 
13.5.3 Relative cooling times 
Column properties such as width and regularity of polygonal cross sections are dependent on the 
cooling time and can therefore be used to estimate the relative cooling time and the position 
within the flow. This relationship is discussed in Chapter 7 and briefly summarised here. With 
increasing distance from the cooling surface the column diameter becomes thicker, the polygon 
area becomes increasingly uniform and the average number of sides per polygon approaches six (or 
alternatively, the hexagonality index approaches zero). The following discussion concentrates on 
two main properties, column width and polygonal cross section. 
Column width 
The column width varies widely across the entire study area and ranges from 40 to 250 cm. However, 
most columns have a width of between 90-150 cm. No difference has been observed for this average 
thickness in Woolshed Creek and at the north-east face of Mt Somers. These diameters are well 
within the range observed at basaltic lava flows. The column width depends on the position within 
the flow, on the thickness of the lava flow/dome and of the presence of any overlying flows which 
insulate the lower structure and result in a longer cooling time and, hence, thicker columns. At 
all investigated locations in the study area no systematic variation of the column width has been 
observed. This non-systematic thickening is attributed to the complex nature of interacting flows 
and domes which destroyed the general column pattern within a single flow or dome. However, in 
places the variation in column thickness upwards was a helpful indicator whether the location was 
near a flow/dome top or centre. 
Polygonal cross sections 
The polygonal cross sections of columns 
were only considered in situations where 
a cross section of at least 30 columns was 
present. Three cases were found and a sta-
tistical summary is given in Fig. 13.29. 
Two of the cases have a higher number of 
five-sided polygons and give average side 
numbers of 5.22 (solid line in Fig. 13.29) 
and 5.32 (pointed line). These two exam-
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number of 5.69 (dashed line). The average side numbers are relatively close to six when compared 
with the best-developed natural example, Giant's Causeway, Ireland. 
'Interfacial' angles (see page 120) give values of 127.6°, 125.1° and 122.4°, respectively. In well 
developed columnar jointings in basalt flows the 'interfacial' angle varies between 120° and 130°, 
with 120° marking the ideal hexagonal system or a very 'mature' system in terms of the jointing 
process. The average 'interfacial' angles at the three measured sides are well within the range of 
well-developed columnar joints in basalts and at least one examples is close to 120°. 
The average side numbers and the 'interfacial' angles at the three measured sites indicate there-
fore, that the columnar jointing system at Mt Somers can be regarded as rather 'mature' or well 
developed-at least at the level of accessibility. This means, that the jointing developed over a 
considerable cooling time which suggests marked insulation of all these parts in which columnar 
joints are observed. 
'Summation polygons' as tectonic stress indicators (see page 122) were constructed in the area 
close to the Mt Som~rs Fault in order to evaluate whether this or pre-existing fault had an influence 
on the formation of columnar joints. All 12 'summation polygons' have a circular shape pointing 
to an undisturbed lava flow and cooling. 
13.5.4 Identification of individual flows and domes and inferred vent positions 
One objective of studying at Mt Somers was to investigate the possibility of using columnar joint 
patterns to identify individual lava flows and domes in the Somers Rhyolite, and hence to infer the 
likely position of vent areas. This objective became more important as geochemical data showed 
that, within the scope of accessibility and sampling density, individual domes and flows have no 
geochemical fingerprints which can be used to distinguish them. 
Although many apparently characteristic joint patterns are observable in the field they could 
not initially be interpreted to reveal individual flows and domes or parts of them. Therefore, the 
columnar joint patterns were investigated starting with a single dome and then extended to multiple 
domes simulating the spatial and temporal relationship between lava flows and domes in a cumulo-
dome complex. The theoretical part of this study is discussed in section 7.2.8 on page 129. A 
number of theoretical case studies resulted in a collection of characteristic joint patterns of which 
the more important ones are given in section 7.2.8. The patterns are characteristic for certain 
positions within a single dome or for two or more dome in close temporal and spatial relationship. 
The collection of theoretically established jointing patterns was then used to identify and outline 
individual lava flows and domes in the study area. Here, prominent jointing patterns were traced 
and compared with the results of the cooling modelling-and situations in the field could be matched 
to lava domes and flows, or parts of them, which in turn allowed vent areas to be located. Three 
s~lected examples are discussed, although more cases have been identified. 
The first example is located on the west side of the upper Woolshed Creek and is at the last 
prominent cliff before the Woolshed Creek hut (at approximately K36/ 747 320). Fig. 13.30a gives 
a photomosaic of the entire cliff as seen across the creek. The cliff is ca. 45.:..-50 m high and is 
characterised by a prominent jointing pattern which forms a fan-shaped pattern (Fig. 13.30b). 
Comparison with the jointing patterns as established by the cooling modelling shows that this 
fan-shaped pattern is characteristic of a dome part just above the vent towards the thermal centre 
of the dome (cf. Fig. 7.18 on page 130). The upper part of the dome and its flanks have been 
340 
Figure 13.30: Example of a columnar joint pattern characteristic for a dome part above the vent. (a) Photomosaic of the last prominent cliff before the Woolshed Creek 
hut west of the creek (K36/ 747 320) . (b) Trace of the columnar joint pattern . (c) Inferred position of exposed area in relation to the entire dome . The circle in the 
photomosaic indicates the position of Fig. 13.28 on page 338. See text for discussion . 
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removed by erosion. It is not certain from the present day erosion level whether the thermal centre 
of the dome is exposed or also eroded. However, the degree of curvature is rather gentle at the 
side, especially at he right side, which points to a rather wide vent diameter in relation to the dome 
height (cf. Fig. 7.20 on page 131). Assuming the cliff top approximates the thermal centre of the 
dome, geometric relations suggest a vent diameter in the order of 50-55 m and a likely dome height 
of 90-100 m. This vent diameter is comparable to those at other rhyolite domes studied as well as 
that inferred for Ngongotaha Dome (Section 10.6.3 on page 244). Since only the part of the dome 
is exposed the overall shape of the dome and, hence, likely dome diameter cannot be determined. 
A second prominent columnar joint pattern is exposed at the cliff on the east side of Woolshed 
Creek south of Fig. 13.30 and shown in Fig. 13.31 (approximately at K36/ 748 315). The cliff 
height is approximately 50-55 m. This cliff is characterised by a radiating columnar joint pattern 
with the centre at the upper left of the cliff. The columnar jointing is overprinted by a second 
jointing set, a so-called 'onion-skin' structure (see section 7.1.2 on page 107 and 13.5.5). Both joint 
patterns indicate a cross section through a flow structure which is thermally insulated at the base, 
i.e., feeder-less, such as a dome lobe or a distal part of a lava flow. The case of a distal lava flow 
base is excluded since both joint patterns point to a circular structure rather than an ellipsoidal 
structure indicative for a flattened lava flow. Therefore, the exposed structure is interpreted as 
a cross section through a dome lobe as shown in Fig. 13.31c. The curvature of the 'onion skin' 
structure indicates a closure of the 'onion-skins' towards the viewer implying that the dome lobe 
originated from behind the cliff. Extrapolating the radius of the outermost 'onion skins' suggests 
that the present day exposure is close to the termination of the dome lobe. Most dome lobes are 
<450 m long (NAKADA et ai., 1995; see also discussion of dome lobes at Ngongotaha Dome on page 
242), and assuming the direction of the dome lobe extrusion was more or less straight from the vent 
area, the vent area is ca. 300 m behind the cliff. The upper part of the dome lobe is eroded (Fig. 
13.31c). 
The third example comprises a more complex situation at the NE-face of Mt Somers (Fig. 
13.32, from approximately K36/ 798 315 to 784 318). Here three similar columnar joint patterns 
are exposed in the lower part of the cliff. The three patterns are traced in colour-coding in Fig. 
13.32b. Immediate similarities are evident for the two structures at the left and right. In Fig. 13.32c 
the general dip direction (direction in which arrows point) and the steepness (length of arrows, the 
shorter the arrows the steeper the columns) of the columns for the three structures are given in 
a schematic 'base map'. The 'base map' confirms the similarity between the three structures and 
shows that all three outline slightly ellipsoidal shapes, i.e., vent areas. This elongation may indicate 
that the dome extrusion was fissure controlled and occurred along a dyke-like fissure. Since all three 
structures are well-developed the three structures cooled as distinct units and did not interfere 
with each other at t.he time of cooling. The close proximity of the three vent areas suggests that 
the domes were extruded successively, allowing enough time for the previously emplaced dome 
to develop the fan-like columnar joint pattern above the vent area before destroying large dome 
parts of the previously emplaced dome during the emplacement of the following dome. The time-
break must have been long enough to allow for separate cooling but on the other hand short 
enough to eliminate all evidence of lithologies otherwise frequently associated with a dome such as 
OBS, FVP and CB (cf. Fig. 8.5 on page 156). No evidence of such lithologies have been found 
within the Somers Rl1yolite in the entire study area suggesting a thorough reheating, welding and 
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Figure 13.31: Example of a columnar joint pattern characteristic for a dome/flow part lacking an exposed feeder system such as a dome lobe. (a) Photomosaic of a cliff 
at the east side of Woolshed Creek (approx. K36/ 748 315) . (b) Trace of the columnar joint pattern and 'onion skin' structure. (c) Inferred position of the exposed area 
in relation to a dome lobe. The vent area is at some distance behind the cliff face . See text for discussion . 
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CHAPTER 13. MOUNT SOMERS 
cooling of these lithologies to form the felsitic/poikilitc matrix texture found throughout the Somers 
Rhyolite. Therefore, the time-break between the extrusion of individual domes was sufficiently short 
to overprint these lithologies and was probably in the order of tens of years rather than hundreds 
or thousands. Moreover, the domes were emplaced so close to each other as to destroy structures 
of previously emplaced domes. Such destruction is accompanied by a comminution of rocks which 
allows a reheating and welding. Only the lower parts of this dome is preserved at the current level 
of exposure. 
The last example shows that dome emplacement within the cumulo-dome complex was tem-
porally and spatially rather closely spaced and involved a (partial) destruction and reworking of 
previously emplaced lava flows and domes. This complex situation is reflected by the complex 
columnar joint patterns which in the overwhelming number of cases only indicate the likely pres-
ence of a lava flow or dome, but not the original extent. A number of lava flows and domes may have 
been completely destroyed by subsequent eruption without leaving any trace of them. However, 
columnar joint patterns were identified as indicating domes or parts thereof and allowed the likely 
location o(vent areas. The absence of lithologies such as OBS, FVP and CB normally associated 
with subaerial domes points to a complete destruction and reworking of these lithologies by tempo-
rally closely space eruptions and subsequent overprinting by the development of felsitic/poikilitic 
matrix textures. Again only the lower parts of domes are preserved. 
The map in Fig. 13.33 summarises all identified domes, dome lobes and inferred vent positions. 
These are the main structures positively identified by characteristic columnar joint patterns as 
described above. A large number of columnar joint patterns suggested other lava flows or domes 
but the extent of exposure was not large enough for a positive identification. 
The map also shows that the identified and inferred vents appear to be fissure-controlled. Such 
fissure-controlled extrusions of rhyolite domes are common at Inyo Domes and Mono Craters, Cali-
fornia (e.g., FINK, 1985; SAMPSON, 1987), Nimbin Rhyolite, New South Wales (SMITH & HOUSTON, 
1995) and Gebbies Pass, Banks Peninsula (GREY, 1991). As FINK (1993) pointed out, the geom-
etry of intrusions reflects the state of stress around magma bodies so that, in general, dikes will 
align themselves parallel to the direction of maximum tectonic compression. In a rotating stress 
field the dike divides into co-linear segments which reorient themselves in order to remain normal 
to the direction of maximum extension resulting in an en echelon geometry of the dike segments 
(DELANEY & POLLARD, 1981). Segmentation and rotation of the dike is also possible when the 
rising dike passes from a relatively hot region with dominantly ductile deformation to a cooler zone 
of brittle deformation (RECHES & FINK, 1988). It is very likely that the fissures feeding the rhyo-
lite flows and domes at Mt Somers also formed series of en echelon segments. The late-Cretaceous 
volcanism in Canterbury is thought to have occurred during an early period of extensional tectonics 
after the culmination of the Rangitata Orogeny-with an accompanying shift from compressive to 
extensional tectonics (LAIRD, 1981). The second theory of dike segmentation and rotation would 
also apply for the feeder dikes of the Somers Rhyolite as magma generation occurred at a depth of 
ca. 20-25 km and transitional shallow magma chambers at levels of ca. 14-17 km and the ascending 
magma passed with a great likelihood through the region of ductile-brittle transition. 
Once a pathway is established for the ascending magma dike, subsequent magma flow will 
favour pipe-like conduits with circular cross sections along the dike (DELANEY & POLLARD, 1981). 
Extrusion of rhyolite domes and flows at Mt Somers was very likely fissure controlled. In comparing 
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(a) Photo-mosaic of lower left part of the north-east face at 
Mt Somers, with the Pinnacles In the foreground. 
(b) Trace of the visible main columnar joints belonging to 
three vent areas. 
(c) Schematic 'base map' of the three vent areas showing 
the orientation of columns. The arrows point in dip direc-
tion of the cdumns and length of the arrows indicate the 
steepness of the cdumns-the shorter the arrow the 
steeper the column. 
(b] 
Figure 13.32: More complex example of columnar joint patterns characterising dome parts above three vent areas (approx. K36/ 798 315 to 784 318) . All three joint 
patterns are fan-shaped similarly to the pattern depicted in Fig. 13.30. The colour-coding distinguishes the three structures in the figures of the columnar joint trace (b) 
and schematic 'base map'. 
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the likely orientation of the fissures with the trace of the Mt Somers Fault a relation is evident in 
which the fissures are roughly parallel and normal to orientation of the Mt Somers Fault. 
13.5.5 Further observations on jointings 
This section briefly discusses further observations related to sheet joints, 'onion skin' structures and 
'pseudo'-columnar joints. It also compares the overall appearance of columnar joints with other 
settings. 
In addition to the ubiquitous columnar joints sheet joints are frequently observed. As discussed 
in Section 7.1.1 on page 106, two types of sheet joints are evident which have a different origin. In 
most cases a close examination is necessary to check, for instance, whether the sheet joints follow 
the flow layering or are at an angle to it. Flow layering is in general difficult to identify in the 
field and requires a pronounced surface alteration. In addition, most places characterised by sheet 
joints are not accessible for examination making a distinction between the two types of sheet joints 
impossible. 
However, in the majority of cases in which sheet joints were accessible, they were subhorizontal 
in orientation and roughly parallel to the flow layering (when observable). The orientation of sheet 
joints follows the cooling surface and indicates the presence of lava flows (type 1 sheet joints). 
Other sheet joints were steeply inclined and slightly curved. In some cases a distinction between 
curved sheet joints and 'onion skin' structures was difficult, especially when an apparent transition 
between the two is present. The curvature ;:}.nd steep inclination suggest that these sheet joints follow 
the flow layering (type 2 sheet joints). The steeply inclined sheet joints were interpreted as indicative 
for flow/dome margins and/or septa between flow/dome lobes (BONNICHSEN & KAUFFMAN, 1987). 
'Onion skin' structure was frequently found at Mt Somers and occurs in different dimensions 
ranging from the 'onion-skin' structure of large dome lobes such as depicted in Fig. 13.31 (page 
343) to smaller structures such as in Fig. 7.3 (page 107). The 'onion-skin' structure is discussed 
in Section 7.1.2 (page 107). Like the sheet joints, the 'onion'-skin structure basically follows and 
hence outlines the flow layering which is particularly valuable' at Mt Somers where flow layering 
is very subdued in the field. The frequent occurrence of this structure points to the presence of a 
relatively large number of dome lobes and, hence, domes themselves. 
A change in the character of columnar joints was observed at some locations. In an area close to 
the Mt Somers Fault, i.e., in a band of ca. 300-400 m width south of the fault, the Somers Rhyolite 
is characterised by 'pseudo'-columnar joints (see page 108) . No 'true' columnar joints and no 
overprinting of the 'true' by 'pseudo'-columnar joints have been observed. 
In the 'pseudo'-columnar jointing two joint directions are related to the Mt Somers Fault (parallel 
and normal to the trend of the Mt Somers Fault) forming an orthogonal joint system. A third joint 
directions cuts at an steep angle through the orth9gonal system of the other two joints. The 
orientation of the two orthogonal joint sets in the 'pseudo'-columnar joints suggests that their 
origin is related to the Mt Somers fault itself leading to two possibilities. Either ·true' columnar 
joints did not form during the cooling of the rhyolite flows and domes in the affected area and the 
'pseudo'-columnar joints formed with the Mt Somers Fault at a later stage. or the 'pseudo'-columnar 
joints formed instead of the 'true' columnar joints during the cooling of the lava flows and domes 
and contemporaneous with the Nit Somers Fault (cf. BRINKMAN, 1957). The intensity to which 
the 'pseudo'-columnar joints are formed decreases with distance from the fault, after which 'true' 
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Main exposures of columnar jointing 
Identified vent position 
Inferred vent position 
Inferred dome or dome lobe dimension ~ 
Likely fissure orientation 
Figure 13.33: Map showing the position of identified and inferred domes. dome lobes and vent areas. The vents are probably fissure controlled whereby the orientation 
of the fissure is roughly parallel and normal to the Mt Somers Fault. See text for discussion . 
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CHAPTER 13. MOUNT SOMERS 
columnar joints set in. This suggests that the formation of the Mt Somers Fault occurred at late 
cooling stages of the Somers Rhyolite. This, however, contradicts the generally excepted age of the 
Mt Somers Fault which is related to the younger late-Tertiary Kaikoura Orogeny (OLIVER, 1979). 
On the other hand a pre-existing fault having a similar position and trend like the Mt Somers Fault 
could have been active during the volcanic activity depositing the Somers Rhyolite and which was 
later reactivated with the Mt Somers Fault. 
Comparing the overall appearance of the columnar joints at Mt Somers with other occur-
rences of columnar joints in silicic volcanics indicates striking similarities in regularity and 
patterns of columnar joints. Although most settings do not comprise many flows and domes, the 
resulting columnar joints are very similar to those found at Mt Somers. These settings comprise 
cryptodomes (GOTO & MCPHIE, 1998), subaqueous lava lobes (FURNES et at., 1980; YAMAGISHI 
& DIMROTH, 1985) and dyke swarms (MUELLER & DONALDSON, 1992). All these occurrences have 
relatively good insulation, keeping the interiors of the flows and domes for a prolonged time close to 
magmatic temperatures and resulting in slow cooling times. In cryptodomes and subaqueous flow 
lobes radiating columnar joints plus 'onion skin' structures are common and well developed. The 
subaqueous felsic dyke swru:ms show well formed and to varying degrees curved columnar joints, all 
of which are common at Mt Somers. 
Subaerial volcanic domes on the other hand seem to have either no columnar joints (such as 
the Ngongotaha Dome) or only crude columnar joints as well as rarely 'onion skin' structures (such 
as Wahanga Dome, Mt Tarawera). Columnar joints may therefore be a function of insulation and 
cooling time. 
The similarities of columnar joint patterns at Mt Somers with those of subaqueous flow lobes 
and felsic dikes as well as cryptodomes suggests that the cumulo-dome complex could have been 
well insulated resulting in delayed cooling which in turn may be responsible for the growth of well-
developed. columnar joints. The reason for the insulation of Somers Rhyolite may be the covering 
by the high-grade ignimbrites sheets of the Somers Ignimbrite. This, however, would require that 
the ignimbrite sheets emplaced shortly after the extrusion of the flows and domes, probably in the 
range of tens or hundreds of years. 
Note: It was hoped to experimentally determine physical parameters such as Young's Modulus 
and Poissons's ratio for Mt Somers rhyolites, to constrain the fracture onset. These experiments 
(differential mechanical thermal analysis) were done at the Chemical Department, University of 
Auckland, and involved a thermally controllable four-point bending rig. Unfortunately, the samples 
proved too brittle to complete the tests (Allan Easteal, pers. comm.) so that no rock properties 
specific for the Mt Somers rhyolites could be collected. 
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13.6 Summary 
Geochemistry 
The Mt Somers rhyolites are peraluminous and high-K calc-alkaline in character. The previously 
suggested distinction between Somers Rhyolite and Somers Ignimbrite on the basis of the silica 
content can not be sustained with a larger number of rhyolite samples. 
Mineralogy and petrography 
All stratigraphic units contain the same phenocryst assemblage consisting of sanidine, plagioclase, 
quartz, garnet, opaques and biotite as well as minor apatite, zircon and allanite. Three new phe-
nocryst phases have been identified: cordierite, fayalite and amphibole. The phenocryst abundance 
varies widely within a sample and within each stratigraphic unit and ranges from ca. 9-32 modal-%. 
All ferromagnesian minerals are very iron-rich. Fayalite, amphibole and biotite show a wide 
range of alteration whereby fresh and completely altered minerals are found next to each other in a 
thin section. It is likely that the cordierite has an abundance comparable to that of biotite. Alter-
ation products of cordierite include completely pinitised minerals as well as an isotropic, sponge-like 
and likely amorphous material of beidellite-nontronite composition. 
The matrix of Somers Rhyolite and Somers Ignimbrite has in general a felsitic to poikilitic 
texture. The quartz patches forming the poikilitic patches are frequently elongated and show 
a consistent optical behaviour in that the slow vibration direction of quartz is parallel to the 
elongation of the patches and hence parallel to the flow layering. Spherulitic texture forming a 
mosaic of tiny spherulites is very rare. 
Secondary tiny biotite flakes form clusters or are individual distributed in the matrix. Frequently 
mosaics of secondary small quartz crystals are found in the matrix forming irregularly shaped 
clusters but also highly elongated schlieren and bands which are always parallel to the flow layering. 
The position of the secondary biotite and quartz suggest that they formed after flow cessation 
exploiting planes of weaknesses, strain and tension shadows. 
Magmatic conditions 
Temperature and pressure estimates of magmatic conditions result from characteristic mineral as-
semblages and stability ranges of individual minerals. The magmatic conditions are summarised in 
Fig. 13.34. The high-pressure mineral assemblage qu+plag+gt+opx+bio was formed by the partial 
melting of the Torlesse metasedimentary source at >850°C and rv7 kbar (20-25 km depth). The 
experimentally established reaction orthopyroxene + liquid ---t biotite at rv900°C may explain the 
scarcity of orthopyroxene in the rhyolites. Cordierite and fayalite stabilities indicate to a formation 
at <4 kbar and <3.5 kbar, respectively. It is suggested, that they formed in transitional shallow 
magma chambers at 14-17 km depth by assimilation and partial melting of Torlesse sediments. It is 
likely that in the shallow magma chamber domains of the 'original' magma coexisted with magma 
domains containing cordierite and fayalite. Tapping of these shallow magma chambers lead to a 
thorough mixing of the two domains. 
The formation of amphibole requires a water content higher than previously sought to be present 
in the deep-seated magma. However, it is possible that amphibole crystallised at the same time as 
biotite since both hydrous mineral phases show commonly a strong alteration. 
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Lava flow and domes VB. 
high-grade ignimbrites 
The presence of felsic pheno-
clasts in high-grade ignimbrites 
has been used to distinguish 
between the lava flows and 
dome of the Somers Rhyolite 
and the high-grade ignimbrites 
of the Somers Ignimbrite in the' 
stratigraphic level below Mem-
ber 1 of SMITH (1994). Other-
wise the two units are virtually 
identical in macroscopic and 
microscopic characteristics. 
Felsic phenoclasts originate 
by decompression and vesicula-
tion of melt, entrapped as in-
transitional shallow magma chambers: 
p -3.5-4 kbar 
(14-17krn depth) 
T=800-900 C 
magma generation: 
water-
saturation 
p - 7 kbar (20-25 km depth) 
T >850 C 
Figure 13.34: Diagram showing the stages of magma generation and evo-
lution including the formation of the mineral assemblages. Temperature and 
pressure estimates are given. The diagram is not to scale. 
clusions in phenocrysts at higher pressure, in the vesiculating melt and finally cracking and blowing 
apart of the phenocrysts. Felsic phenoclasts are not found in lava flows. Another useful indicator 
is the general higher abundance of fragmented phenocrysts in the high-grade ignimbrites. 
A number of samples previously regarded as Somers Ignimbrite were identified as belonging 
to the Somers Rhyolite. Therefore, the geological map of the Woolshed Creek area has been 
reinterpreted. 
Columnar joints 
The ubiquitous presence of columnar joints and their complex patterns were used to distinguish 
between individual lava domes, dome lobes and flows and to infer vent positions. A number of domes 
and dome lobes as well as vent areas could be identified or their presence inferred. The vent positions 
suggest a likely fissure control of the emplacement of the Somers Rhyolite. The complex nature of the 
joint patterns in conjunction with the results of modelling of cooling suggest that the lava flows and 
domes were temporally and spatially very close on extrusion, often destroying previously emplaced 
structures. The temporally close extrusion sequence is also indicated by the absence of lithologies 
commonly associated with subaerial rhyolite domes such as obsidian, finely vesicular pumice and 
carapace breccia. A quick eruption sequence together with the likely destruction of dome parts 
resulted in insulation, reheating and annealing of these lithologies with subsequent formation of the 
felsitic/poikilitc texture. An emplacement of the overlying high-grade ignimbrite sheets rather soon 
after the cessation of the rhyolite flows and dome could have provided an additional and effective 
insulation effect. 
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research 
Conclusions 
Dome growth models 
• Rhyolite domes are highly individual structures despite having many common features. De-
tailed studies of flow structures and comparisons with dome growth simulations allow the 
emplacement character, i.e., exogenous VB. endogenous, to be defined. 
• In many cases the emplacement of rhyolite domes is fissure-controlled, with the development 
of en echelon segments (Mt Tarawera, Mt Somers, Gebbies Pass) . 
.. All domes studied are classified as low lava domes and may be modelled as Bingham fluids. 
Estimated average yield strength is in the range 2.0-3.6 x 105 Pa; higher yield strengths are 
attributed to a stronger carapace. 
• Ngongotaha and Wahanga Dome can be classified as spiny to lobate domes. They comprise 
a number of dome lobes. Dome lobe lengths are 350-450 m and heights 200-300 m. This 
suggests that domes with large diameters (>900 m) and slow effusion rates or rapid solidifi-
cation are predominantly exogenous in character and composed of a number of dome lobes. 
The dome lobes have a maximum length beyond which continued lava flow is not possible 
and dome lobes start to pile onto each other. Domes with a small diameter «500 m) are 
predominantly endogenous. 
• Flow behaviour in dome lobes is complex as indicated by large-scale extensional and compres-
sional structures in close proximity. 
• Cooling modelling shows that the dome interior stays at magmatic temperatures, well above 
the glass transition, for a prolonged time. 
Main lithologies 
• The main lithologies are distributed concentrically and follow the overall outline of the domes. 
Their distribution is largely independent of the emplacement mode, i.e., endogenous VB. ex-
ogenous and therefore is mainly controlled by the cooling history of a dome. Exceptions are 
basal breccias. 
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• From the dome top inwards the following main lithologies can be discerned for a dome 
with complexly developed lithological variations (Ngongotaha Dome): carapace breccia (CB), 
finely-vesicular pumice (FVP) , strongly spherulitic obsidian unit (U.OBS), felsiticjpoikilitic 
rhyolite rhyolite (RHY) , central felsiticjpoikilitic rhyolite with high abundances of opening 
structures (CRHY). Towards the dome base the RHY is followed by a slightly spherulitic 
obsidian (L.OBS) with a number of fresh obsidian lenses and bands. Towards the dome base 
these bands gradually interfinger towards the dome base with autobreccias which formed by 
high shear stresses and are overprinted by a high-temperature alteration. 
.. The presence and absence of certain lithologies depends mainly on the size, overall morphology 
and cooling history of a dome. For instance, in thick domes the lower obsidian layer (L.OBS) 
is absent if the basal breccia is sufficiently thick to provide enough insulation. Similarly, 
the upper obsidian layer (U.OBS) is absent if a thick FVP layer provides enough insulation 
(Wahanga and Ruawahia Domes). 
Syn- and post-eruptive crystallisation 
II Microlites consist of pyroxene, plagioclase and opaques. Rod-like pyroxene and plagioclase 
microlites nucleate in response to rapid decompression in the conduit during magma ascent. 
Restricted size ranges of the rods indicate a single formation event. Shearing in the conduit 
results in the formation of flow layering defined by parallel aligned microlitic rods. Delicately 
formed microlites such as trichitic ('spider'-like) microlites and curved and looped chains of 
pyroxene prisms are formed after flow cessation or in locally stagnant portions. 
II Spherulites form generally above the glass-transition temperature in highly undercooled 
rhyolitic melts. The fibre thickness of the spherulites depends on the difference between the 
crystallisation and the glass transition temperature, i.e., a large temperature difference results 
in thicker spherulite fibres. 
• Spherulites are composed of high-temperature alkali-feldspars (albite to sanidine) and silica 
polymorphs (cristobalite, tridymite). In the An-Ab-Or ternary system, spherulites connect 
the compositional fields of plagioclase phenocrysts and glass matrix. 
.. The formation of different spherulite generations is sequential and follows a trend from the 
compositional fields of plagioclase phenocrysts to the glass matrix as they approach the glass 
transition temperature. The presence of several spherulite generations reflects a changing 
composition of the melt due to crystallisation of earlier formed spherulites and probably 
slightly varying cooling rates. 
• Spherulites have very fast growth rates with overall growth times of hours to months depending 
on fibre thickness and spherulite size. The 'nucleation lag' time is considerable and ranges 
from about three years starting below the FVP layer to over 20 years in the dome interior, 
depending on the dome thickness. 
• Spherulites of identical composition and characteristics (morphology, colour) at different 
domes may indicate very similar growth conditions. 
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• Opening structures (lithophysae, 'lip'-structures and spherulites with central voids) are con-
centrated in the dome interior and form above the glass-transition temperature. Lithophysae 
form by the interaction of hydrostatic tension due to melt cooling and the presence of a vapour 
phase at more or less evenly spaced sites in the melt. Their formation is a continuous and 
step-like process; continuous in that continually vapours are released to form the lithophysae 
chambers and step-like in that one shell has to be completely finished before the next shell is 
able to form. The lithophysa chambers form by repetitions of spherulite growth periods (the 
later shells) and volatile accumulation periods around the spherulite crystallisation front (the 
later chambers). The formation of 'lip'-structures requires a more or less constant inflation 
by vapour phases in conjunction with directional tensional stresses. Spherulitic growth forms 
associated with opening structures have the thickest observed fibre diameters. 
.. Mineralisation in opening structures is very diverse and is related to hydrothermal 
vapours/fluids migrating at the time of formation of the opening structures along certain 
flow (shear) planes through the lava. Mineral associations indicate that the hydrothermal 
vapours/fluids are of different character, with differences in oxygen fugacity of up to three 
orders of magnitude and temperature differences of up to 1000 C. 
III Hydrothermal alteration at the dome base is characterised by the formation of haematite 
and the loss of N a and Ba and a gain in Fe, Zn and Nb (N gongotaha Dome, Ruawahia Dome). 
Columnar joints 
• The formation of columnar joints requires insulation of the cooling lava. At most subaerial 
domes, columnar joints are absent or ill defined (Mt Tarawera, Ngongotaha Dome) whereas at 
cryptodomes, subaqueous domes and domes in cumulo-dome settings (Mt Somers) columnar 
jointing is well defined. 
• Theoretical columnar joint patterns, established with the help of cooling models of individual 
domes and numerous domes in different spatial and temporal relationships, are a useful tool 
to define dome structures in cumulo-dome complexes. In such cases, the temporally close 
extrusion sequence is indicated by the absence of lithologies commonly associated with sub-
aerial domes such as obsidian, finely-vesicular pumice and carapace breccia. A rapid eruption 
sequence together with the likely destruction of dome parts results in insulation, reheating 
and annealing of these lithologies with subsequent formation of felsitic/poikilitic textures. 
Rhyolite flows and domes VB. high-grade ignimbrites 
• The distinction between lava flows/domes and high-grade ignimbrites, which are composi-
tionally and texturally identical, may only be possible by the presence of felsic phenoclasts 
in high-grade ignimbrites. These are absent in lava flows. Phenoclasts originate by decom-
pression and vesiculation of melt, entrapped as inclusions in phenocrysts at higher pressure, 
which finally crack and blow apart the phenocrysts. 
• Another supporting indicator is the general higher abundance of fragmented phenocrysts in 
high-grade ignimbrites. 
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Recommendations for further research 
Detailed geochemical and mineralogical studies in all four investigated field areas will give a better 
understanding of magma evolution, magma chamber processes and the geometry of magma chamber 
systems. Experiments on these rhyolites that give material-specific properties are necessary in order 
to model processes such as the jointing and cooling. These data are also necessary for comparison 
of the domes in the field area with dome growth models and dome growth simulations. 
Geochemical and mineralogical studies 
III Detailed studies on the zoning patterns of plagioclases, using trace elements, Nomarski in-
terference contrast imaging and laser interference microscopy will provide an insight into the 
development and geometry of the magma chambers as well as magma chamber processes. 
III Studies of melt inclusions should give answers to the pre-eruptive water content of the magmas 
and provide information on the rheological changes during the the eruption and emplacement 
of the domes. 
III At Mt Somers geochemical reinvestigation of the high-grade ignimbrites (Somers Ignimbrites) 
using only pumice clasts rather than whole rocks will reveal the specific nature of these units 
and possible differences from the underlying lava domes and flow (Somers Rhyolite). 
Further detailed geochemical studies on rhyolites of the Somers Rhyolite may provide more in-
formation about the nature of the two trends suggested and systematic stratigraphic variation 
in the Woolshed Creek area. 
Dating of the two units, Somers Rhyolite and Somers Ignimbrite, will provide insight into 
the temporal spacing of the two units and and may determine whether the ignimbrite sheets 
could have insulated the underlying rhyolites. Precise age determinations will also provide 
insight into magma chamber processes and evolution as well as constrain eruption dynamics. 
Material-specific studies 
.. Differential thermal analyses of suitable selected samples within a dome will provide specific 
glass-transition temperatures which may differ from those used in this thesis based on the 
rheological definition. Calorimetric measurements will also give precise cooling rates which 
are specific for certain dome parts and mainly define the formation of lithologies. 
III For domes with well developed columnar joints, differential mechanical thermal analysis on 
samples using a four-point bending rig would give physical parameters, such as Young's mod-
ulus and Poisson's ratio, specific to each locality. These parameters are necessary for thermo-
mechanical considerations such as the calculation of thermal stresses and to constrain the 
fracture onset. 
III XRD studies on the rhyolitic glasses using Mo-radiation would allow the application of the 
radial distribution analyses and give answers to the specific nature of the glasses. This may 
reveal crystalline microstructures not visible with the petrographic microscope. 
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Modelling and software 
It A very useful tool would be the establishment of an extensive software package related, in the 
first instance, to rhyolitic rocks only. It should act as a comprehensive data base including 
geochemical data of rhyolite occurrences worldwide and material-specific properties. The 
package should incorporate the programs written in the course of this thesis but should be 
extended to more modelling facilities related to rheological and thermodynamical properties 
of rhyolites. 
.. The two-dimensional cooling model, as given in this thesis, can be extended to three dimen-
sions and could be part of the software package suggested above. It should also allow a 
dynamic modelling of successive dome emplacements. 
CD The development of a three-dimensional numerical model of a dynamic dome emplacement 
based on finite-element techniques is necessary to test current dome growth models. Such a 
software program should incorporate all available material-specific data of rhyolites as well as 
thermodynamical and rheological findings. 
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Appendix A 
Notations 
Note: All letters in equations set in bold-face refer to constants which in general only apply to 
the specific equation. They are not listed here unless they are used in a number of equations. 
ID one-dimensional 
2D two-dimensional 
3D tree-dimensional 
a,b,c 
c 
Ci 
iN 
h 
g 
k 
I 
P 
Pfluid 
Ptotal 
q 
r 
rd 
t 
ta 
ts 
v 
w 
x,y,z 
B 
C 
Co 
Coo 
Cp 
Cpi 
D 
Dc 
Do 
crystallographic axes 
joint length 
concentration of chemical species i 
fraction of n-sided polygons 
(flow) thickness, height 
gravitational constant 
diffusion rate constant 
(flow) length 
population density of crystals 
population density of nucleus-size crystals 
pressure 
fluid pressure 
total (lithostatic) pressure 
quench rate 
radius 
dome radius (or total flow width) 
time 
time for onset of solidification of a given lava part 
time for lateral advection of the fluid in absence of cooling 
velocity 
flow width 
directions in orthogonal coordinate system 
Bingham number 
concentration 
excess impurity concentration at interface solid-melt 
impurity concentration at points remote from interface soli-melt 
heat capacity 
partial molar heat capacity of chemical species i 
diffusion coefficient 
critical conduit diameter 
pre-exponential factor ('frequency factor') 
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Dm 
E 
Em 
EA 
F 
G 
HT 
I 
J 
K 
Ko 
KOe 
KOt 
KJ 
KJc 
L 
Lh 
LT 
M 
N 
NBO 
P 
Q 
R 
RDA 
RDF 
Rcp 
S 
SPO 
T 
To 
Tae 
Te 
Tg 
Tfi 
Tp 
TVZ 
V 
VA 
VH 
VL 
Vw 
Xi 
f3 
8 
C 
E 
TJ 
TJo 
mean diameter of solid particles 
Young's modulus 
emissivity 
activation energy of viscous flow 
effusion rate 
growth rate 
high temperature 
rheological index 
nucleation rate 
structural chemical parameter (or 'basicity coefficient') 
thermal conductivity 
effective thermal conductivity of a porous material 
non-porous thermal conductivity 
mode-I intensity factor 
fracture toughness 
characteristic crystal size 
latent heat 
low temperature 
metal cation 
cumulative number of crystals 
nonbridging oxygen 
porosity 
eruption rate 
molar gas constant (= 8.31457 J mol-1K-1) 
radial distribution analysis 
radial distribution function 
inverse of maximum solid fraction 
Stefan-Boltzmann constant (= 5.670519.10-8 W m-2K-4 ) 
shape-preferred orientation 
as structural symbol: tetrahedrally coordinated cation 
otherwise: temperature 
initial or emplacement temperature 
apparent equilibrium temperature 
equilibrium crystallisation temperature 
glass-transition temperature 
fictive temperature 
temperature at previous timestep 
Taupo Volcanic Zone 
volume 
vesicle area 
vesicle heigth 
vesicle length 
vesicle width 
mole fraction of chemical species i 
thermal expansion coefficient 
viscosity piezo-coefficient 
thickness of impurity layer == fibre diameter 
molar ration AIIV /(SiIV +AIIV) 
strain rate 
viscosity 
differential viscosity at low shear strain 
390 
'floo 
'flapp 
'flliq 
'flo 
'flrel 
'fls 
'flsus 
{) 
e 
p 
pg 
0' 
0'1, 0'2, 0'3 
O'x,O'y,O'z 
T 
XN 
w 
8 
8 c 
8 s 
II 
<I> 
<I>max 
\f! (B) 
differential viscosity at high shear strain 
apparent viscosity 
viscosity of liquid/melt 
pre-exponential constant for viscosity at T --+ 00 
relative (effective) viscosity 
shear viscosity 
viscosity of suspension 
effective residence time 
angle between two adjacent sides in a polygon 
thermal diffusivity 
Poisson's ratio 
density 
grain density 
geometric standard deviation 
principal stresses 
stresses along directions of orthogonal coordinate system 
shear stress 
yield stress or strength 
hexagonality index 
angular velocity 
basal slope 
excess temperature above which thermal feedback effects predominate 
normalised temperature drop required to solidify surface 
rate of surface cooling compared with the lateral spreading 
fraction of solids 
maximum solid fraction 
ratio ts/ta 
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Mineral (groups) & rocks 
ab albite 
acm acmite 
amph amphibole 
arne amesite 
an anorthite 
ana analcite 
and andesite 
ano anorthoclase 
apa apatite 
aug augite 
bio biotite 
cor cordierite 
cpt clinoptilolite 
cpx clinopyroxene 
cri cristobalite 
eas eastonite 
ed edenite 
f'ed ferri-edenite 
f'kat ferri-kat ophorit e 
fa fayalite 
fsp feldspars 
gt garnet 
hem hematite 
ho hornblende 
ilm ilmenite 
jd jadeite 
lab labradorite 
md mordenite 
mnt montmorillonite 
mt magnetite 
mul mullite 
mus muscovite 
ne nepheline 
opx orthopyroxene 
01 olivine 
oli oligoclase 
or orthoclase 
osu osumilite 
p'br pseudobrookite 
phI phlogopite 
plag plagioclase 
px pyroxene 
qu quartz 
fIe riebeckite 
san sanidine 
ti titanite 
tre tremolite 
tri tridymite 
Zlr zircon 
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CB 
CRHY 
CVP 
FVP 
L.OBS 
OBS 
RHY 
U.OBS 
carapace breccia 
central rhyolite 
coarsely vesicular pumice 
finely vesicular pumice 
lower obsidian unit 
obsidian 
rhyolite 
upper obsidian unit 
Appendix B 
Description of programs 
In the course of the thesis four computer programs were written in VisualBasic 4 (and later trans-
ferred to VisualBasic 5) as stand-alone applications. 'Viscosity 1.0' allows the calculation of melt 
and effective viscosities of especially silica-rich melts. 'Cooling Time' is based on MANLEY'S (1992) 
original program code, and calculates a temperature 'profile' along a line through a lava flow and 
basement at several time steps during the cooling of this lava flow. This one-dimensional approach 
has been extended to two dimensions resulting in the program '2DCoolTime'. Simple situations of 
a dome/flow emplacement can be entered via a drawing 'board' and the temperature distribution 
is calculated at chosen" time steps of cooling. 'Distribution' is a simplified GIS application and al-
lows the study of distribution patterns of divers data such as chemical composition and phenocryst 
abundances. 
B.l Viscosity 1.0 
'Viscosity 1.0' calculates melt and effective 
viscosities of silica-rich melts. Only the main 
points of the program's capabilities are given 
here; a detailed description can be found in the 
extensive on-line help. All calculation methods 
are also given in the on-line help and are discussed 
in Chapter 4. 
The program offers three basic modules of cal-
culation (Fig. B.1 and B.2). With Melt viscos-
ity these are calculated according to the meth-
ods chosen in the data entry window (Fig. B.1). 
They are either based directly on the chemical 
composition or established for a defined compo-
sition range with varying water contents. The 
program checks the entered chemical composi-
tion data whether they confirm with the composi-
tion range used for the experimentally established 
methods and warns if they do not so. The influ-
ence of solid particles, if their content is smaller 
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than 30 vol- %, can also be investigated (based on the Einstein- Roscoe equation) by clicking option 
three of the data entry field (Fig. B.1) and entering the required physical parameters. Finally, 
a temperature range has to be given over which the viscosity variation is calculated. Since some 
experimentally established methods are restricted to a certain temperature range, the program 
checks the entered temperature range and warns the user if necessary. 
Sen 
1. '" ~ater range Ctrt+W 
S 
The module EiI. viscosity calculates effective viscosities for 
melts with over 30 vol- % solid particles based on one selected 
melt viscosity method. In addition, it gives viscosity estimates 
calculated according to the program code given in McBIRNEY 
& MURASE (1984) which uses SHAW's method to calculate the 
melt viscosity. This sub-routine requires the input of the volume 
fraction of main phenocryst phases which is done via the small 
Figure B.2: Three main modules for window pictured in Figure B.4. The sum of volume fractions 
viscosity ca lculations 
should equal the value given in the data input window. With 
the module Water range the influence of varying water contents on the melt and effective viscosity 
can be evaluated using either of the two previously described modules. 
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Figure B .3: Result window for chosen temperature range 
Phenocrysts 1!!Il!l EJ 
Volume fraction of : 
Plagiodase: 
Kalifeldspar: 
Olivine: 
Augite: 
Hypersthene: 
Opaques: 
Quartz: 
Step increment JD.OO1 
OK Cancel 
Figure B.4: Input window of phe-
nocryst volume fractions used for 
the sub- routine after McBIRNEY 
& MURASE (1984) 
Viscosity calculation is started with (Ctrl- C) or the Calculate-option as shown in Fig. B.2. 
Depending on the module chosen the results are given in the result windows (figs. B.3 and B.7). 
Here, the table lists viscosities according to the method(s) and module(s) chosen. In the graph, 
the melt viscosities are colour- coded and where an effective viscosity method has been chosen, it is 
represented by the upper curve of the same colour. Viscosity data can be toggled between log and 
ln format. In the result window which is based on a temperature range (Fig. B.3) the temperature 
can be toggled between degrees Celsius and 104 IT in Kelvin. All results can be printed and saved 
in various formats (Fig. B.5). When saving the table, additional informations such as methods 
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Figure 8.5: Save options for calculation results Contact 
Figure 8.6: On-line help window 
chosen and phenocryst volume fractions are saved as a header in the same file. 
The data the user entered in the data input window (Fig. B.l) can be saved and opened at a 
later stage for further calculations. 'Viscosity 1.0' is accompanied by extensive on-line help (Fig. 
B.6) giving detailed information about program handling, theoretical background and references. 
Viscosities in the chosen water range I!!lEiiI £J , 
file tielp 
lWater Baker eft IH&D leff IPers. leff Schul. eft IShaw leff 
~ 10.4 16.3 10.7 16.9 9.8 15.5 ~ 8.0 12.7 8.5 13.4 8.9 14.0 ~ 7.1 11.3 7.7 12.2 8.1 12.8 ~ 6.6 10.4 7.2 11 .3 7.5 11 .8 ~ 6.1 9.7 6.8 10.7 6.9 10.9 2.82 5.8 9.1 6.4 10.2 6.4 10.1 
~ 5.5 8.7 6.2 98 5.9 9.4 
~ +- 52 8.3 5.9 9.4 5.5 8.7 
M6 
. 
5.0 7.9 5.7 9.1 5.2 8.2 ~ 4.8 7.6 5.6 8.8 4.8 7.6 
17.0 ~ It IOg-~SCOs~[P~j: (" In "V1SCOS~ [po s 1 
14 .4 ~ 
r HI 
11.8 ~:::::-... ~ ........... ~ ......... '""'::::I-- Effective ViSCOSIty. 
9 . 2 ~~ _ 
-. 
-
Einstein-Roscoe equation 
r"'-6.6 ~~I-.. Baker (1996) 
Hass & Dingwall ('96) 
4.0 Parsikov (1991) 
.10 1.1·9 2 . 2 8 3.37 4.46 Schulza at al (1996) 
.64 l. 73 2 . 82 3.91 5.00 ShfiW(1972) 
Figure 8.7: Result window for chosen water range 
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B.2 IDCooling Time 
The program 'lDCooling Time' 
is based on the original Basic code 
by C. MANLEY (pers. comm.) but 
has been completely rewritten in Vi-
sualBasic 4.0. The theoretical back-
ground is given in section 8.5 on page 
154. Most data necessary for mod-
elling are to be entered in the data 
input window (Fig. B.8). These data 
include the average chemical compo-
sition, physical parameters defining 
the line-section through the flow and 
into the basement as well as other 
flow co~ditions. Furthermore, the in-
put of time steps is vital at which 
the cooling isotherms are to be calcu-
lated. The status bar at the bottom 
of this windows gives brief guidelines 
about what to do next. 
Figure B.8: Data input window of 'lDCooling Time' 
Furthermore, the complete set of density data for 
each node is necessary which is done in the density in-
put window (Fig. B.9)). This window is called via the 
Density Input option of the Module menu or by pressing 
(Ctrl)+(D). In this window the nodes are colour-coded 
depending on their position: red for nodes in the lava 
flow, yellowish for nodes in the basement, and green for 
the contact flow/basement. All fields have to be filled 
in. Pressing (Back) the density window is closed re-
turning to the data input window. After entering all 
necessary data the actual calculation is started with 
(Ctrl)+(C). A progress bar indicates the calculation 
advance. For long cooling times, such as 100+ years 
the calculation time may be considerable, depending 
on the computer configuration. 
The result of the calculation-and all input data-
can be saved by pressing (Ctrl)+(S) and thereby call-
ing the save options window (Fig. B.I0). The mod-
elling results are saved in a comma-delimited ASCII-
file (*. txt) and the input data of the first two windows 
(figs. B.8 and B.9) in a *.jr file. They can be retrieved 
at a later stage for additional modelling. The result 
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file can be imported into any commercial spreadsheet program (such as Excel™, and than into 
CorelDraw™ for tidying up) which offers a better graphical output saving unnecessary program-
ming time. 'lDCooling Time' is accompanied by an extensive on-line help (Fig. B.ll) which 
explains program handling, gives the theoretical background and all references. 
Figure B.I0: Window with the saving options 
B.3 2DCoolTime 
~ CoolTime Help l!!lrilm 
IbLP FOR COOLTIME 
Welcome to the Help screen of the CoolTime application. 
NOTE: This version of CoolTime is set up for rocks of 
rhyolitic composition only! 
Acknowledgement 
Figure B.ll: An extensive on-line help accompanies 
'lDCooling Time' 
This program is based on 
'lDCooling Time' and therefore 
many features are similar. The data 
input window (Fig. B.12) asks for 
data necessary for calculation, such 
as the average chemical composition, 
necessary rock properties and phys-
ical parameters as well as the time 
steps at which the cooling isotherms 
are to be calculated. To reduce the 
amount and time of data input and 
to ease the dome definition, a graph-
ical interface has been set up. After 
completing the data input, two op-
tions of accessing the graphical inter-
face (hereafter referred to as drawing 
board) are given under the menu op-
Figure B.12: Main data input window of '2DCoolTime' 
tion View: with Define Section (Fig. B.13) the drawing area of the cross-section to be drawn by the 
user is defined, and Define Dome (Fig. B.14) asks for the dome dimensions and number of nodes. 
Neither option includes vent parameter. After entering all parameters in the red underlined fields 
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Figure B.13: Defining the 'drawing board' 
Figure B.14: Defining dome cross-section situation 
press (Node Spacing) which calculates the values for the green underlined fields. 
Both options result in opening of the 'drawing board' window (Fig. B.15) which allows the 
user to draw [as required after choosing option (i) above] or modify [as with option (ii)] the dome 
situation to be modelled. Structures which can be drawn are restricted to simple rectangles (or 
squares) and ellipses (or circles) which are regarded as sufficient f?r this simple modelling. The 
'drawing board' is outlined by the dimensions the user has defined before, with a small scale bar 
beneath it which represents the node width. The current (x,y)-value of the mouse when moved 
within the 'drawing board' is given in the small fields in the lower right corner of this window. 
Colour-coding of the cross section provides an easy mean to read in all corresponding parameters 
for each rock type as defined in the data input window (Fig. B.12). The program rasters the 
area of the 'drawing board' with a grid distance equalling the node width and writes all data 
to corresponding arrays. Pressing (Initialise) starts the array creation and closes the 'drawing 
board' window. Like in 'lDCooling Time' the calculation starts with (Ctrl)-(C) and a progress bar 
indicates the calculation advance. Due to the additional dimension the calculation time is 'slightly' 
longer compared to that of 'lDCooling Time'. The menu option Isotherm (under Module) gives 
access to the result of the cooling model-either as colour-coded temperature distribution or as 
cooling isotherms (Fig. B.16). 
The temperature distribution can be called by pressing the buttons '1' to '6'. Temperatures are 
colour-coded and match the temperature ranges as given in the legend. The smaller the node width 
the finer will be the grid which determines the 'resolution' of the result. The isotherms are slightly 
smoothed to give a more 'realistic' impression as compared with step-like curves of the grid set-up. 
The resulting image can be saved as a *. bmp or *. wmf file. Also, all input data (Fig. B .12) can be 
saved for remodelling at a later stage (*.jr2 file extension). 
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. Cross Section 1!!I(iJ£i 
Figure B.15: ' Drawing board ' which allows, to a certain degree, to simulate a given cross section with simple 
building blocks, such as ellipses and rectangles . The different colours for the lithologies encode their physical 
properties. When drawing, chose a geometric form first, i.e ., ellipse or rectangle , and then pick the cross section 
part in question . The 'Undo ' button corrects only the last action. If more than one action has to be corrected , 
the window has to be closed and called again . 
, Temperature Distribution and Isotherms I!I.£I ' 
Temperature DIstributIon .nd Isotherms 
Figure B.16: Result window of the 2D cooling model. The two insets show both options of the result represen-
tation: as temperature distribution or as isotherms. 
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B.4 Distribution 
A series of programs were written which allow the plotting of variation patterns of selected pa-
rameters such as chemical composition and individual phenocryst abundances. Fig. B.17 shows an 
example for the Woolshed Creek area, Mt. Somers. The program 'Distribution'reads in a bitmap 
of the area and a data file which also includes the grid references for the sample locations. De-
pending on the range of the parameter in question, up to four subdivisions can be chosen. These 
subdivisions are colour coded to allow an easy evaluation of a distribution pattern. Maps with the 
plots can be saved as a bitmap. 
Figure 8.17: Example of the 'Distribution' program showing the silica distribution for the Woolshed Creek area. 
Mt Somers. 
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Sample locations, description and 
analytical treatment 
In this appendix all samples are listed sorted according to the field areas. Letters in the sample 
number encode the field areas: 'NQ-' for Hendersons Quarry, Ngongotaha Dome, 'T' for Mt. 
Tarawera Volcanic Complex (with 'TW-' for Wahanga Dome and 'TR-' for Ruawahia Dome), 
'BP-' for Gebbies Pass area, Banks Peninsula, and 'MS-' for Mt. Somers Volcanics. Small crosses 
('x') indicate that the appropriate analysis was done, or in the case of thin sections, that they were 
prepared. Multiple 'x's stand for more than one analysis, which is particularly for XRD analyses 
the case. Small 'a's in the thin section column indicate that thin sections were cut oriented as 
specified in the thin section description. For all samples for which thin sections were prepared, 
densities were measured, which is not listed in the table. 
Some samples were not used for analyses listed here, but they were used to study small-scale 
flow features and the relation between various devitrification products. 
Field No. Grid 
Reference 
XRF No. XRD Thin EMPA Rock type 
section 
Hendersons Quarry, Ngongotaha Dome, Rotorua 
NQ-1 U16/916403 27530 brecciated obsidian 
NQ-2 U16/916403 27542 lose, reddish alteration material 
NQ-3 U16/916403 27543 lose, greyish alteration material 
NQ-4 U16/916403 fresh, spherulitic obsidian 
NQ-4* U16/916403 xx reddish, grey silicified clast 
NQ-5 U16/916403 breccious, slightly FVP 
NQ-6 U16/916403 27497 x devitrified, brecciated obsidian 
NQ-7 U16/916403 27455 0 crystalline rhyolite 
NQ-8 U16/916403 27471 00 crystalline rhyolite 
NQ-9 U16/916403 27457 x devitrified obsidian 
NQ-10 U16/916403 27475 00 devitrified obsidian 
NQ-ll U16/916403 27479 00 devitrified obsidian 
NQ-12 U16/916403 27498 x devitrified obsidian 
NQ-13 U16/916403 fresh and devitrified obsidian 
NQ-14a U16/916403 27531 x spherulitic devitrified obsidian 
NQ-14b U16/916403 27532 flow banded devitrified obsidian 
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Field No. Grid XRF No. XRD Thin EMPA Rock type 
Reference section 
Hendersons Quarry, Ngongotaha Dome, Rotorua (cont.) 
NQ-15 U16/916403 27481 X spherulitic devitrified obsidian 
NQ-16 U16/916403 27478 x spherulitic devitrified obsidian 
NQ-17 U16/916403 pumice 'fallout' 
NQ-18 U16/916403 27469 x spherulitic devitrified obsidian 
NQ-19 U16/916403 27472 x FVP rhyolite 
NQ-20 U16/916403 27453 0 x low banded crystalline rhyolite 
NQ-21 U16/916403 27533 FVP breccia 
NQ-21* U16/916403 27464 x FVP rhyolite 
NQ-22 U16/916403 27438 x spherulitic devitrified obsidian 
NQ-23 U16/916403 27477 00 spherulitic obsidian 
NQ-24 U16/916403 27441 0 x crystalline rhyolite 
NQ-25 U16/916403 27468 xx x x spherulitic devitrified obsidian 
NQ-26 U16/916403 27437 x spherulitic devitrified obsidian 
NQ-27 U16/916403 27534 lithophysae 
NQ-28 U16/916403 27456 x x spherulitic devitrified obsidian 
NQ-29 U16/916403 27483 x spherulitic obsidian 
NQ-30 U16/916403 27435 x spherulitic devitrified obsidian 
NQ-31a U16/916403 27473 x FVP 
NQ-31b U16/916403 27474 x dense FVP 
NQ-32 U16/916403 27484 x x spherulitic devitrified obsidian 
NQ-33 U16/916403 27467 0 x crystalline rhyolite 
NQ-34a U16/916403 27499 x obsidian breccia 
NQ-34b U16/916403 27485 x spherulitic devitrified obsidian 
NQ-35 U16/916403 xxx lithophysae + secondary minerals 
NQ-36 U16/916403 27486 x brecciated obsidian 
NQ-36a U16/916403 x crystalline rhyolite + lithophysae 
NQ-36b U16/916403 x crystalline rhyolite + lithophysae 
NQ-37 U16/916403 27487 x spherulitic crystalline rhyolite 
NQ-38 . U16/916403 27470 0 x spherulitic crystalline rhyolite 
NQ-39 U16/916403 27535 0 obsidian breccia 
NQ-40 U16/916403 27466 00 spherulitic obsidian 
NQ-41 U16/916403 27500 x vesicular devitrified obsidian 
NQ-42 U16/916403 27465 x x spherulitic devitrified obsidian 
NQ-43 U16/916403 27536 hydrothermally altered FVP 
NQ-44 U16/916403 27462 x spherulitic devitrified obsidian 
NQ-45 U16/916403 27537 (spherulitic) devitrified obsidian 
NQ-45a U16/916403 x dark-red alteration material 
NQ-46 U16/916403 altered FVP 
NQ-47 U16/916403 27538 x FVP 
NQ-48 U16/916403 27501 0 spherulitic obsidian 
NQ-49 U16/916403 27458 x spherulitic devitrified obsidian 
NQ-50 U16/916403 27539 0 x obsidian breccia 
NQ-51 U16/916403 27544 altered shear material 
NQ-52 U16/916403 27545 altered shear material 
NQ-53 U16/916403 27546 altered shear material 
NQ-54 U16/916403 27547 altered shear material 
NQ-55 U16/916403 27548 altered shear material 
NQ-56 U16/916403 27454 0 brecciated obsidian 
NQ-56* U16/916403 27540 brecciated FVP 
NQ-57 U16/916403 27541 spherulitic obsidian 
NQ-58 U16/916403 27439 0 x slightly FV obsidian 
NQ-59 U16/916403 27436 0 slightly FV obsidian 
NQ-60 U16/916403 27476 00 spherulitic devitrified obsidian 
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Field No. Grid XRF No. XRD Thin EMPA Rock type 
Reference section 
Hendersons Quarry, Ngongotaha Dome, Rotorua (cont.) 
NQ-61 U16/916403 slightly FV obsidian 
NQ-62 U16/916403 devitrified obsidian breccia 
NQ-63 U16/916403 x altered FVP 
NQ-64 U16/916403 obsidian 
NQ-65 U16/916403 x altered shear material 
NQ-66 U16/916403 obsidian breccia 
NQ-67 U16/916403 xxxx loose spherulites 
NQ-68 U16/916403 slightly FV obsidian 
NQ-69a U16/916403 x secondary minerals in lithophysa 
NQ-69b U16/916403 x quartz crystal in void 
NQ-70a U16/916403 x hematite in lithophysa 
NQ-72a U16/916403 x secondary minerals in lithophysa 
NQ-73a U16/916403 x amphibole in lithophysa 
NQ-77a U16/916403 x hematite in lithophysa 
NQ-78a U16/916403 x phlogopite? in lithophysa 
NQ-79a U16/916403 x phlogopite? in lithophysa 
NQ-81a U16/916403 x secondary minerals in lithophysa 
NQ-82 U16/916403 obsidian 
NQ-100 U16/916403 x fayalite in lithophysa 
NQ-101 U16/916403 x fayalite in lithophysa 
Mount Tarawera Volcanic Centre: Wahanga Dome 
TW-1 V16/181255 27490 x x FVP 
TW-2a V16/182256 27502 x FVP 
TW-2b V16/182256 27503 x crystalline rhyolite 
TW-3 V16/182256 27491 00 FVP 
TW-4 V16/182256 27504 x breccia 
TW-5a V16/183256 27492 x FVP clast 
TW-5b V16/183256 x crystalline rhyolite, clast 
TW-6 V16/184257 27505 x glass (baked against basalt sheet) 
TW-7 V16/185256 27506 x FVP 
TW-8 V16/185257 27493 x spherulitic rhyolite 
TW-9 V16/184256 27494 x crystalline rhyolite, boulder 
TW-10 V16/186257 27507 x crystalline rhyolite, boulder 
TW-11 V16/187258 27508 x FVP 
TW-12 V16/187258 27509 x FVP 
TW-13 V16/188259 27495 x FVP(-CVP) 
TW-14a V16/190 260 27496 0 FVP 
TW-14b V16/190 260 0 x FVP 
TW-15 V16/190 260 x chalcedony-like crust 
Mount Tarawera Volcanic Centre: Ruawahia Dome 
TR-1 V16/173247 27511 0 x FVP 
. TR-2 V16/173247 27527 x FVP 
TR-3 V16/173 247 27512 x x FVP 
TR-4 V16/173247 27489 x FVP(-CVP) 
TR-4* V16/174246 27549 hydrothermally altered rhyolite 
TR-5 V16/174246 27550 hydrothermally altered rhyolite 
TR-6 V16/174246 27551 hydrothermally altered rhyolite 
TR-7 V16/174246 x white, semi-soft alt. mat. 
TR-8 V16/173 246 xx pink alteration crust 
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Field No. Grid XRF No. XRD Thin EMPA Rock type 
Reference section 
Mount Tarawera Volcanic Complex: Ruawahia Dome (cant.) 
TR-9 V16/173 246 27513 x FVP-CVP 
TR-lO V16/173 246 27514 x FVP, reddish altered 
TR-ll V16/173246 27515 0 FVP 
TR-12 V16/173 246 27516 x FVP(-CVP) 
TR-13 V16/173246 27517 0 FVP(-CVP) 
TR-14 V16/173 245 27518 00 crystalline rhyolite 
TR-15 V16/172245 27519 x FVP 
TR-16 V16/171245 27520 0 FVP 
TR-17 V16/170 244 27528 x breccia 
TR-18 V16/173245 breccia, coating of sec. mineral 
TR-19 V16/170 244 27521 0 FVP 
TR-20 V16/169244 27522 0 FVP(-CVP) 
TR-21 V16/168243 27523 0 dense FVP 
TR-22 V16/167243 27524 x crystalline rhyolite 
TR-23 V16/166243 27525 x crystalline rhyolite 
TR-24 V16/166243 27526 0 FVP 
TR-25 V16/166243 x orange-brown alteration material 
TR-26 V16/166243 x red alteration material 
TR-27a V16/166243 x dark-red alteration material 
TR-27b V16/166243 x yellow alteration material 
TC-1 V16/166243 27510 x FVP 
T-8 V16/169239 27529 x FVP, reddish altered 
Gebbies Pass, Banks Peninsula 
BP-CH-1 M36/807250 x altered dike material 
BP-CH-2 M36/807250 x altered dike material 
BP-CH-3 M36/807250 x altered dike material 
BP-CH-4 M36/807250 x x altered dike material 
BP-CH-5 M36/807250 00 RHY 
BP-CH-6 M36/807250 00 RHY 
BP-CH-7 M36/807250 RHY 
BP-CH-8 M36/807250 RHY 
BP-CH-9 M36/807250 RHY 
BP-CH-10 M36/807250 RHY 
BP-CH-ll M36/807250 RHY 
BP-CHE-1 M36/810 250 00 RHY 
BP-CHE-2 M36/810 250 RHY 
BP-CHE--3 M36/810 250 RHY 
BP-OH-1 M36/811 244 27631 x white alteration material 
BP-OH-2 M36/811 244 27632 00 OBS 
BP-OH-3 M36/811 244 27633 x RHY 
BP-OH-4 M36/811 244 27634 x OBS 
BP-OH-5 M36/811 244 27635 x RHY 
BP-OH-6 M36/811 244 27636 x RHY 
BP-001 M36/808238 27626 x RHY 
BP-002 M36/808238 27627 x RHY 
BP-003 M36/808238 27628 RHY 
BP-004 M36/808238 27629 x RHY 
BP-005 M36/808238 27630 x RHY 
BP-006a M36/808238 RHY 
BP-006b M36/808238 x RHY 
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Field No. Grid XRF No. XRD Thin EMPA Rock type 
Reference section 
Mount Somers Volcanics 
MS-1 K36/748325 27572 x Somers Rhyolite 
MS-2 K36/747317 27573 x Somers Rhyolite 
MS-3 K36/748318 27574 x Somers Rhyolite 
MS-4 K36/748318 27575 x Somers Rhyolite 
MS-5 K36/749317 27576 x Somers Rhyolite 
MS-6 K36/752316 27577 x Somers Rhyolite 
MS-7 K36/754314 27578 x Somers Rhyolite/ Ignimbrite 
MS-8 K36/753315 27579 x Somers Rhyolite 
MS-9 K36/756312 27580 x Somers Rhyolite 
MS-10 K36/747325 27581 x Somers Rhyolite 
MS-11 K36/747324 27582 x x Somers Rhyolite 
MS-12 K36/747323 27583 x Somers Rhyolite 
MS-13 K36/747320 27584 x Somers Rhyolite/ Ignimbrite 
MS-14 K36/747320 27585 x Somers Rhyolite/ Ignimbrite 
MS-15 K36/747320 27586 x Somers Rhyolite 
MS-16 K36/746318 27587 x Somers Rhyolite 
MS-17 K36/743315 27588 x Somers Ignimbrite 
MS-18 K36/732281 27589 x Somers Rhyolite 
MS-19 K36/730 285 27590 x Somers Rhyolite 
MS-20 K36/743313 27591 x Somers Rhyolite 
MS-21 K36/751325 27592 x Somers Rhyolite 
MS-22 K36/754331 27593 0 Somers Rhyolite 
MS-23 K36/753332 27594 0 Somers Rhyolite 
MS-24 K36/753331 27595 0 x Somers Rhyolite 
MS-25 K36/755329 27596 0 Somers Rhyolite 
MS-26 K36/755328 27597 x Woolshed Creek Ignimbrite 
MS-27 K36/748331 27598 Somers Rhyolite 
MS-28 K36/748332 27599 x Somers Rhyolite 
MS-29 K36/747332 27600 x Somers Rhyolite 
MS-30 K36/745332 27601 x Woolshed Creek Ignimbrite 
MS-31 K36/747333 27602 0 Somers Rhyolite 
MS-32 K36/750 332 27603 x Woolshed Creek Ignimbrite 
MS-33 K36/746317 27604 0 Somers Rhyolite 
MS-34 K36/746316 27605 x Somers Rhyolite 
MS-35 K36/746314 27606 x Somers Rhyolite 
MS-36 K36/753313 27607 0 Somers Rhyolite 
MS-37 K36/754312 27608 0 Somers Ignimbrite 
MS-38 K36/751311 27609 0 Somers Rhyolite 
MS-39 K36/748310 27610 0 Somers Rhyolite 
MS-40 K36/745310 27611 0 Somers Rhyolite 
MS-41 K36/744306 27612 x Somers Rhyolite 
MS-42 K36/755313 27613 0 Somers Ignimbrite 
MS-43 K36/770 320 27614 0 Somers Ignimbrite 
MS-44 K36/762318 27615 x Somers Rhyolite 
MS-45 K36/728297 27616 x Woolshed Creek Ignimbrite 
MS-46 K36/729299 27617 x Woolshed Creek Ignimbrite 
MS-47 K36/733301 27618 x Woolshed Creek Ignimbrite 
MS-48 K36/733301 27619 x Woolshed Creek Ignimbrite 
MS-49 K36/736306 27620 x Woolshed Creek Ignimbrite 
MS-50 K36/736307 27621 x Somers Rhyolite 
MS-51 K36/735308 27622 x Somers Rhyolite 
MS-52 K36/735308 27623 x Somers Rhyolite 
MS-53 K36/733306 27624 x Somers Rhyolite 
MS-54 K36/727295 27625 x Woolshed Creek Ignimbrite 
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Appendix D 
Detailed petrographic description of 
all samples 
A detailed petrographic description of all samples is given in the following order. 
Field area 
Ngongotaha Dome 
Mt Tarawera 
Gebbies Pass 
Mt Somers 
Macroscopic description 
D.1 on page 410 
D.2 on page 417 
D.3 on page 420 
D.4 on page 421 
Microscopic description 
D.5 on page 425 
D.6 on page 437 
D.7 on page 449 
D.8 on page 450 
Abbreviations used are as follows. 
aggr. aggregate (J birefringence 
alt. alteration # cleavage 
assoc. associated ± more or less 
cryst. crystalline .-l perpendicular 
devitr. devitrified II parallel 
f.1. flow layering 0 (crystal) diameter 
freq. frequently ext. L extinction angle 
glomer. glomeroporphyritic 2V L 2Vangle 
inc 1. includes 
interf. interference CPL cross-polarised light 
lin. lineation MM mounting medium 
mm. mineralisation PPL plane-polarised light 
osci1. oscillatory RI refractive index 
pleo. pleochroic X crystal 
recryst. recrystallisation XX: crystals 
sec. secondary 
spher. spherulite d' dark (colour) 
t.g. tension gashes l' light (colour) 
two twinning m' middle (colour) 
zon. zoning 
Gm groundmass 
Pc phenocryst 
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D.I Macroscopic sample description, N gongotaha Dome, Rotorua 
Sample Macroscopic description 
NQ-l 
NQ-2 
NQ-3 
NQ-4 
NQ-4* 
NQ-5 
NQ-6 
NQ-7 
NQ-8 
NQ-9 
obsidian breccia: subangular to rounded black obsidian clasts set in a reddish altered matrix; individual clasts range from <1 mm to several cm; very 
crumbly 
reddish altered material, ca. 10 cm below solid flow band; consists probably of relict spherulites and completely lose altered (recrystallised) obsidian 
lose greyish(-red) altered material; ca. 40 cm below solid flow band (cf. sample NQ- 2) 
sample from the solid flow band (cf. sample NQ- -2 and NQ-43); black, partly spherulitic obsidian with silicified reddish-white clasts; clasts are 
broken and pulled- apart; between some gaps obsidian threads and generally small obsidian squeeze-ins; obsidian has perlitic cracks and reddish 
altered bands «1 mm wide) aligned with general flow banding; minor Pc's (ca. 5%) 
same location as NQ-4a; part of one silicified clast, reddish-grey in colour; with secondary minerals (white and yellow coating) on faces pointing 
toward open pull-apart gaps 
devitrified (partly fresh) obsidian clasts set in a slightly FVP-matrix; clasts are angular to slightly rounded and, when elongated, oriented in general 
flow trend 
no coherent unit but lenses of 10-20 cm thickness and up to 2 m length which grades to either side to a more or less crumbly, lose material; greyish 
dense matrix with dark-greyish, flow aligned, devitrified obsidian bands; fresh obsidian in interstices of spherulitic growth forms (1-3 mm in 0); 
contains reddish-grey flow aligned silicified clasts (slightly rounded, up to 17 mm long) which in turn are layered and broken; contains also minor 
lithophysae with ca. 5 mm thick spherulitic rims as well as minor cavities of irregular shape 
crystalline, flow banded rhyolite, fine dark- grey bands which appear to be devitrified obsidian; ca. 5% flow-aligned Pc's; minor whitish-grey clasts, 
flow aligned; bands rich in cavities, and tension gashes forming regular gap pattern; on flow surface network of small fractures with flow lines normal 
to main fracture set; fb. 17°-+275; face 81°-+132 
dense, strongly flow-banded, greyish, spherulite-rich obsidian. with many vesicles; reddish-grey spherulites confined parallel to flow banding; 
spherulites up to 8 mm in 0; whitish alteration at vesicle walls and tiny crystals of a white to clear mineral lining the voids within spherulites; 
f.b.: 89°-+ 190; t.g.: 28°-+274; face: 89°-+169 
dense, violet-grey devitrified matrix with light-grey spherulitic patches (up to 1 cm across); flow banding goes right through grey spherulites; vesicles 
in centre of spherulites are sometimes lined with whitish minerals; f b. 80° -+ 170 
Sample Macroscopic description 
NQ-IO dense, greyish, spherulitic-devitrified matrix, with polygonal fracture pattern (follows original pattern of perlitic cracks?) which is outlined as reddish-
grey network of veins; overprinted by reddish-grey spherulites, up to 5 mm in 0 and often with voids in centre; spherulites often without any relation 
to flow banding, apart from elongated ones which may indicate major shear planes; walls of larger voids often lined with whitish alteration mineral; 
f.b. 88°-+184; face 83°-+003 
NQ-ll 'wall rock' of obsidian squeeze-up; dense, dark-grey devitrified obsidian with relict fresh bands of obsidian; also fresh obsidian between and attached 
to reddish- white spherulitic growth forms; minor and small tension gashes (ca. 1-1.5 mm long); flow surface with network of lineation and tension 
gashes; Lb. 86°-+220; face 73°-+006 
NQ-12 dense, greyish, dominantly spherulitic devitrified obsidian with minor black, fresh obsidian in interstices between spherulites; strong flow banding 
given by alignment of small spherulites, small whitish devitrified streaks and minor reddish-grey silicified clasts; spherulites c. 1 mm across (max 2.5 
mm); face 50°-+160 
NQ-13 dense, dark-grey devitrified obsidian with reddish coloration around tension gashes and spherulitic growths; matrix appears to be completely spherulitic 
devitrified with (bluish) grey spherulites up to 3 mm in 0; flow surface with excellent network oftension gashes and flow lines; sample as good example 
for relation between flow structures (flow layering, alignment of Pc's, flow lines) and tension gashes (which are oblique at ca. 65° to flow layering); 
f.b. 73°-+066; face 75°-+210 
NQ-14 two different lithologies: (i) dense, strongly flow-banded; grey, devitrified obsidian alternating with reddish-grey silicified bands; both form schlieren 
or lenses in the other, small scale folds; in slightly thicker devitrified obsidian bands development of spherulites (ca. 3 mm across); (ii) completely 
spherulitic devitrified obsidian; grey, spherulites becoming larger towards interior of this unit (4+ mm across); rare voids associated with spherulites; 
face 76° -+ 284 
NQ-15 dense, grey matrix (ca. 25-30%) remaining between whitish altered spherulites; spherulites are up to 1 cm across, are to a great degree altered and 
fragile, often associated with voids; some of the larger voids are lined with secondary minerals (white halfspheres); cores of spherulites often are still 
fresh (greyish dense); no apparent flow layering; face 52°-+303 
NQ-16 occurs between two spherulitic devitrified obsidian units; very similar to NQ-15, but more spherulitic devitrified (either FVP or almost completely 
whitish altered spherulitic growth forms); minor relict, but fresh spherulite cores (ca. 4%); without any apparent flow layering; face 76°-+002 
NQ-17 lose pumice fragments ('fall-out'), layers of alternating coarse and small fragments; slightly to well rounded, ocker in colour, minor flow banded and 
elongate voids; layers dip 32°-+156 
NQ-18 (just underneath pumice layers (NQ-17)) spherulitic devitrified obsidian; some grey dense spherulitic devitrified bands alternating with major light-
greyish spherulitic devitrification (similar to NQ-16); latter bands are good vesicular (ca. 30-40%), possibly due to alteration and tension gashes; 
spherulites are up to 4.5 mm in diameter 
NQ-19 left of flow-banded crystalline rhyolite unit; finely vesicular pumice; grey, with multitude of minute vesicles; relict dark-grey 'clasts', mostly well 
rounded (1-2 mm in length); sparse fsp Pc's 
NQ-20 (left of NQ-19) strongly flow-banded (mm- scale) greyish devitrified rhyolite; slight alteration overprint (yellowish brown coloration); voids due to 
tension gashes, running ca. 50° to flow banding; on surface of hand specimen red and black sublimation (very thin) or backing (?) 
tI 
... 
Sample Macroscopic description 
NQ-21 slightly darker greyish zone of brecciated FVP; clast: dark grey, well rounded to sub angular FVP; vesicles are larger than 'matrix' vesicles and 
their stretching form a visible flow banding within the clasts; matrix: light grey FVP, slightly denser than clasts; vesicles hardly visible; clasts: 
matrix=80:20 
NQ-21* large dark-grey to black FVP clast from FVP breccia (d. sample NQ-21); crude flow banding; in places minute fresh black obsidian (7); ca. 2% 
hardly flow aligned fsp laths 
NQ-22 grey devitrified obsidian without relict fresh obsidian; crude flow banding; core of hand specimen is dense, toward both sides size of round vesicles 
increases; vesicles often bound to centre of spherulites (up to 4 mm in 0) and irregular in shape; walls of vesicles often lined with white secondary 
minerals; f.b. 76°-+260 
NQ-23 occurs as small units ca. 4-6 cm wide; with good parallel flow banding; spherulitic obsidian: greyish devitrified spherulitic (ca. 1-2 mm in 0) bands 
are surrounded by reddish-brown glass and then black glassy bands (or in remaining interstices); ca. 3% fsp Pc's occur in greyish bands, but not flow 
aligned; dense without apparent porosity; on both surfaces tight network of parallel tension gashes; f.b. 75°-+056 
NQ-24 dense, strongly flow banded crystalline/devitrified rhyolite; parts with tight black-white flow banding in <1 mm scale, with small-scale folds and 
folds in cm range; in places minor white alteration of spherulites «2 mm in diameter); spherulites are generally aligned in flow direction; larger ones 
are associated with vesicles which often are lined with secondary white minerals; material is typical for entire section to the left; f.b. 59°-+270; face 
85°-+350 
NQ-25 completely spherulitic devitrified obsidian; crude flow layering marked by relict black, fresh obsidian in interstices of spherulites and by dense, grey 
material also between spherulites but still forming bands on its own; spherulites are up to 4 mm in 0, often with relict grey core and whitish altered 
broad rim which often is replaced by voids; set of parallel tension gashes; crude Lb. 19°-+284 
NQ-26 slightly porous devitrified obsidian; black, fresh obsidian preserved in interstices between (i) small (ca. 1 mm across) reddish spherulites, and (ii) 
larger (up to 4 mm in 0) grey spherulites, or (iii) otherwise as patches between greyish devitrified material; some large lithophysae (up to 2.5 mm in 
length) formed after spherulitic growth (cutting through the latter) and are lined with whitish secondary minerals 
NQ-27 same material as NQ-26; large lithophysae cuts right through spherulitic growth forms 
NQ-28 intermediate in appearance between material from below (NQ-4) and above (sample NQ-26); mainly grey devitrified slightly vesicular rhyolite, with 
minor remaining small patches of fresh, black obsidian (mainly in interstices between grey spherulites; relative large clasts of reddish silicified material: 
forming flow banding, are broken and pulled apart; very crude flow layering 
NQ-29 pinkish-grey devitrified, slightly vesicular matrix with relict fresh black obsidian patches (irregular in shape or in interstices of some confining 
spherulites «2 mm across); ca. 2% fsp Pc's, not flow aligned 
NQ-30 almost completely spherulitic devitrified obsidian; light grey matrix with plenty of irregular shaped cavities and spherulite 'shells'; most cavities are 
lined with minute secondary minerals; some of the cavities within the spherulites are open like in lithophysae; very rarely fresh, black obsidian patches 
in interstices between spherulites; ca. 2% Pc's (fsp) 
NQ-31a whitish-grey FVP; elongated vesicles indicate good flow layering; sparse Pc's (ca. 2%, fsp+opaques) 
SaIllple Macroscopic description 
NQ-31b slightly below sample NQ-31a (ca. 1.5 m); whitish-grey FVP, slightly denser than sample NQ-31a; colour shades and alignment of elongated vesicles 
indicate parallel flow layering; ca. 2% Pc's (fsp+opaques) 
NQ-32 altered material similar to sample NQ-24; mainly pinkish-white alteredjdevitrified matrix with some dark- greyish (unaltered) material in centre of 
matrix patches; some centres are altered to yellowish-green material; rather vesicular, due to vesiculation of spherulite centres and voids of tension 
gashes; vesicles are generally irregularly shaped (apart from elongated vesicles due to tension gashes); in larger voids minor needle-shaped amph?) 
NQ-33 crystalline rhyolite with crude flow banding (em-scale folding); dark-grey layers alternating with light-grey spherulitic devitrified layers; minor 
lithophysae (ca. 3 em long), lined with whitish (tri?) and black (fa?) sec. min.; f.b. 80°-+060; face 89°-+189 
NQ-34a 
NQ-34b 
NQ-35 
NQ-36 
NQ-36a 
NQ-36b 
NQ-37 
NQ-38 
NQ-39 
NQ-40 
from brecciated obsidian dike; obsidian breccia: black, fresh obsidian-clasts with flow aligned Pc's (ca. 2%, fsp) set in a reddish-brownish, partly 
fresh obsidian-matrix; clasts are rounded to subangular and may grade into greyish spherulite-bearing matrix (spherulite diameter up to 5 mm across, 
often ellipsoidal); matrix also spherulite- bearing, but much smaller in diameter, and also slightly vesicular in places 
dense, completely spherulitic devitrified obsidian; large, dark-grey, open spherulites (up to 1 cm in 0) set in a reddish matrix (appears perlitic, and 
rich in minute spherulites); on both surfaces of handspecimen skeletal white sec. min. 
fragments of lithophysae: strongly banded/layered and lined with sec. min. (tri?, fa?) 
brecciated obsidian: fresh, black obsidian clasts set in a minor whitish grey matrix (which often seems to be reduced to elongated bands, separating 
obsidian clasts); clasts with ca. 5% flow-aligned Pc's (fsp); some clasts slightly dull and more grey (with less Pc's, but some smalllithophysae); some 
clasts show a kind of devitrification front: sharp contact between fresh, black material and greyish, dull material . 
cryst., flow-banded rhyolite; along flow banding halfspheres of spherulitic growth forms, 'lip'-like openings and lithophysae with lining of sec. min. 
crystalline, contorted flow-banded rhyolite; along flow banding spherulitic growth forms; also 'lip'-like openings whose bases are aligned in some 
direction; spherulites often with vesicles and lined with sec. min. 
dense, dark-grey crystalline rhyolite with grey spherulitic devitrified patches; these patches often lined with not continuous, yellowish rims (probably 
another spherulite generation); some spherulites are open and contain secondary minerals; dark-grey matrix material consists oflarge spherulites (ca. 
7 mm across) 
dense spherulitic crystalline rhyolite very similar in appearance to sample NQ-37; large dark-grey spherulites are more open (ca. 7-8 mm across) 
and are set in a light-reddish grey matrix (of minute spherulites); in matrix and through the spherulitic growth forms a good parallel flow banding; 
aligned with that banding are light-reddish grey silicified clasts (some reacted still plastic and are bent, others are pulled-apart) 
obsidian breccia; clasts: mostly greyish spherulitic devitrified obsidian with some relict blackish and reddish, fresh obsidian patches; all are flow 
layered and contain plenty of small, elongated spherulites (ca. 1 mm across); clasts are arranged in jigsaw-like manner with sparse matrix material 
in between; matrix is reddish-grey and contains clast material up to matrix size; ca. 3% Pc's (fsp) in clasts and seldom flow-aligned; set of parallel 
tension gashes; face 89°-+313 
strongly flow-banded, spherulite-rich devitrified obsidian; spherulites are 1-3 mm in 0 and red and grey in colour; minor elongated vesicles (arranged 
in general flow direction); on both flow surfaces tight network of tension gashes (lines are slightly curved and not straight); minor Pc's of Fsp (ca. 
2%); f.b. 83°-+260 
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Sample 
NQ-41 
NQ-42 
NQ-43 
NQ-44 
NQ-45 
NQ-46 
NQ-47 
NQ-48 
NQ-49 
NQ-50 
NQ-51 
NQ-52 
NQ-53 
NQ-54 
NQ-55 
NQ-56 
NQ-56* 
NQ-57 
Macroscopic description 
devitrified obsidian; grey-reddish, dense material give crude flow layering; plenty of irregular shape vesicles (ca. 40%), not filled with sec. min.; some 
minute fresh, brown obsidian patches 
obsidian; dark-grey, open spherulites up to 4+ mm across and smaller reddish spherulites are overprinted by light-grey alteration (giving a cauliflower-
like appearance); sparse vesicles «1 mm long) but generally very elongated and parallel aligned (..1 to apparent f.l.); face 63°--+143 
reddish-brown altered FVP; minor clastic in appearance 
slightly FVP material (or completely spher. devitr. obsidian which is strongly altered); ca. 3% relict grey cores and minor arms of spherulites (ca. 
3-4 mm across); sometimes relict grey material forms bands in crude flow alignment; vesicles are lined with white sec. min. 
grey, spher. devitr. obsidian; small network of reddish grey alt. probably along former perlitic crack paths; in some zones good vesicular, here also 
relicts of fresh brown and black obsidian glass; vesicles are irregular in shape and are often lined with white sec. min.; ca. 2% fsp Pc's 
soft, completely altered FVP clasts; just underneath (ca. 20 cm) of pumice 'fall-out' at dome top; white, yellowish, slightly brown in colour 
ca. 30 cm from sample NQ-46 toward dome interior; more fresh FVP breccia clast; grey; very crumbly 
spher. obsidian; ca. 20% fresh, black obsidian with plenty small spherulites (ca. 1-2 mm in 0); some spherulites are larger (ca. 3 mm across) and 
open; ca. 4% reddish-grey, silicified, slender clasts (max. 1 cm long, broken, angular; often as pull-apart structures); all forming a crude f.l.; also ca. 
5% irregular, small vesicles; in places breccious appearance; face: 62°--+238 
very similar to sample NQ-48; hardly any fresh, black obsidian preserved; slightly less vesicular; consists mainly of grey spherulites «1 to 4 mm in 
0) and larger spherulite fragments (as silicified, light grey fibres); larger spherulites associated with voids; ca. 2% fsp Pc's 
obsidian breccia; strongly elongated clasts (lensoid in shape) of fresh and devitr. obsidian set in a light reddish matrix; clast:matrix=95:5; clasts 
are to a different degree devitr., often within one clast, but orientation of devitr. and fresh parts are in flow direction (which in defined to strong 
elongation of clasts in general); ca. 2% fsp Pc's); f.b. 48°--+234; face 50°--+272 
assoc. with shear zone of large fold; grey altered, fine crumbly material 
assoc. with shear zone of large fold; dark- grey altered, fine crumbly material; containing fresh, black obsidian fragments 
assoc. with shear zone of large fold; dark red-brown altered, fine crumbly material; containing fresh, black obsidian fragments 
assoc. with shear zone of large fold; light red altered, fine crumbly material 
assoc. with shear zone of large fold; ocker altered, fine crumbly material 
brecciated obsidian; crude flow layering determined by irregular, discontinuous bands of fresh, brown obsidian (banded with fresh, black obsidian) 
and of grey spher. devitr. obsidian (spher. ca. 2 mm in 0); minor irregular shaped vesicles (ca. 2%); ca. 2% fsp Pc's; f.b. 30°--+300; face 63°--+270 
whitish, soft, brecciated FVP 
flow banded obsidian composed of alternating layers of black and brown glass; brown glass has plenty (ca. 30%) spher., which are often elongated in 
flow direction; most spher. consist of a ca. 1 mm thick, grey rim and a void centre; ca. 2% fsp Pc's; f.b. 50°--+042 
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SaIllple Macroscopic description 
NQ-58 slightly FV, brown obsidian; forms the 'wall material' of a black obsidian squeeze-up and is also found intermingled within the squeeze-up; alignment 
of tiny, elongated vesicles and of minor fsp Pc's (ca. 3%) define a good flow banding 
NQ-59 similar in appearance to sample NQ-58; slightly FV, grey and greenish-ocker obsidian; tiny, elongated vesicles and aligned fsp laths define good 
parallel flow banding; yellowish-greenish patches seem to be due to bleaching; f.1. 85°-+250; face 28°-+265 
NQ-60 completely spher. devitr. obsidian; strongly flow banded due to light-reddish, stretched clasts and due to 'layers' of vesicles; main part consists of 
grey spher. (up to 4-5 m in 0) with reddish colour at rims; vesicles are irregular shaped but generally elongated in flow direction, also lined with 
secondary white minerals; vesicles made up ca. 20%; on both outer flow surfaces set of II tension gashes as well as normal to it flow lines defined by 
ripples; f.l. 69° -+ 189 
NQ-61 similar in appearance to samples NQ-59 and NQ-59; slightly FV black obsidian; strong parallel flow banding defined by small scale bands of mayor 
black obsidian and minor bands reddish or greyish devitrification as well as by tiny, highly stretched vesicles; in places vesicles open up to larger void; 
ca. 2% fsp Pc's 
NQ-62 breccia of middle-grey completely devitr. obsidian?; clast are made of tiny spher. «1 mm in 0); clasts are subangular to well rounded and grade 
down in size to matrix; in places smaller, elongated clasts are II aligned; matrix is light grey and probably is composed of minute clasts fragments; 
dense, and probably baked 
NQ-63 
NQ-64 
NQ-65 
NQ-66 
NQ-67 
NQ-68 
completely bright reddish altered FVP 
contact between black and creme obsidian; both types are closely intermingled; in black obsidian good perlitic cracking visible; scarce fsp Pc's; general 
f.1. defined by both glass types 
reddish-brown loose material between clasts of creme coloured obsidian (which form the 'wall material' to either side of a black obsidian squeeze-up 
creme to orange coloured obsidian breccia; grey-creme clasts range in size from x cm down to matrix size; often in jigsaw-like arrangement; matrix is 
lighter (more orange) in colour; clasts are II f.1., defined by colour differences of individual bands and alignment of sparse fsp Pc's 
loose spher. with some fresh, black obsidian attached; spher. are greyish-blue in colour and up to 1 cm in 0, some are ellipsoidal, some have voids 
in the centre (or just opened up in a 'lip'-like manner); often also as aggregates 
yellowish-grey, slightly FV obsidian (transition between solid obsidian and FVP); colour differences and orientation of highly elongated, tiny vesicles 
indicate good f.1. 
NQ-69 sec. min. in lithophysae: tri 
NQ-70 sec. min. in lithophysae: hem 
NQ-71 sec. min. in lithophysae: hem 
NQ-72 sec. min. in lithophysae: fa+tri 
NQ-73 sec. min. in lithophysae: amph needles 
NQ-74 sec. min. in lithophysae: orange-brown plates 
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Sample 
NQ-75 
NQ-76 
NQ-77 
fI::.. NQ-78 
J-' 
fI::.. NQ-79 
NQ-80 
NQ-81 
NQ-82 
Macroscopic description 
sec. mIll. in lithophysae: orange-brown plates 
sec. min. in lithophysae: orange-brown plates 
sec. mIll. in lithophysae: hem plates 
sec. min. in lithophysae: ocker prisms 
sec. min. in lithophysae: ocker prisms and plates 
sec. min. in lithophysae: orange and black plates 
sec. min. in lithophysae: small whitish-grey halfspheres 
dark-reddish brown fresh obsidian intermingled with minor black, fresh obsidian which gives a good flow layering in places; perlitic cracking throughout 
handspecimen; minor fp Pc's (ca. 2%) 
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D.2 Macroscopic sample description, Mt Tarawera 
Sample Macroscopic description 
TW-l light grey, 'sugary', very slight pumiceous tendency, only minor tiny vesicles; no flow layering; plag lath up to 2 mm long, qu, bio, minor opaques 
«1%) 
TW-2a reddish 'sugary', probably completely spherulitic, slightly altered (bleached), no flow layering, Pc-rich (ca. 25%), large plag and qu Pc's, minor 
opaques «1%) 
TW-2b similar to TW-1: light grey, 'sugary' but more crystalline; few reddish patches suggesting spherulites; no flow layering; Pc-rich: large plag and qu 
Pc's up to 2 mm long, minor opaques «1%, bio up to 1 mm in cross section 
TW-3 light to middle grey, strong flow banding defined by aligned plag+bio Pc's, colour differences and highly elongated vesicles; Pc-rich (ca. 22%, plag 
Pc's up to 3.5 mm long, qu up to 2 mm in 0, bio up to 2 mm long; completely crystallised (spherulitic?), ca. 15% large spherulites «2 mm in 0; 
pronounced shear planes ca. 2-4 cm apart, no surface lineation; vesicles lined with white material; oriented sample: £.l. 30° --7 349, face 57° --7 356 
TW-4 
TW-5a 
TW-5b 
TW-6 
TW-7 
TW-8 
TW-9 
TW-IO 
breccious with clasts a few centimetres in length, clast: middle grey, crystalline, not flow banded, Pc-rich (ca. 24%); clasts are jigsaw-like, separated 
by thin matrix 'veins' (1-3 mm thick, reddish-grey), some clasts are broken and pulled apart with void gap between segments 
finely vesicular pumice clast with parallel flow layering (thin alternating white and light grey schlieren and bands), stretched vesicles up to 2 mm 
thick; Pc-rich (ca. 20%; Pc's not flow aligned; minor biotite and opaques «1%) 
dark well-rounded clasts, dense, Pc-poor «5%), no flow layering 
glassy, dense baked rhyolite at margin of basalt sheet, clastic appearance: two glass types (grey and white), reddish angular clasts 
'sugary' to pumiceous white rhyolite, transition between the two; pumiceous domains with same direction of stretched vesicles; Pc-rich (ca. 20%; 
minor mafics (",1%), no orientation of Pc's visible 
reddish-violet-grey dense matrix, few reddish-grey patches suggest relict spherulites, no vesicles, PC-rich (ca. 25%, Pc's not flow aligned, no flow 
layering 
ocker-grey dense matrix with rare voids (:::; 1 mm in 0); weak flow layering due to slight colour nuances; Pc-rich (ca. 22%), frequent crystal clusters 
up to 4 mm across; minor mafics «1%) 
middle grey, very dense (felsic), few light reddish-grey clasts (rounded to angular, up to 14 mm long), light grey bands and schlieren give flow 
appearance; Pc-poor «5%) with small crystal sizes (:::;1 mm) 
Sample 
TW-ll 
TW-12 
TW-13 
TW-14 
TR-l 
TR-2 
TR-3 
TR-4 
TR-4* 
>I'>- TR-5 
f-' 
~ TR-6 
TR-7 
TR-8 
TR-9 
TR-IO 
TR-ll 
TR-12 
TR-13 
TR-14 
TR-15 
TR-16 
TR-17 
Macroscopic description 
identical to TW-9 although slightly darker in colour, no vesicles, no flow banding; rarely pumiceous tendency (patches of highly stretched vesicles; 
transition to dense matrix) 
red-violet grey with patchy colour distribution suggesting flow layering; no vesicles, Pc-rich (ca. 22%); large plag Pc's and glomeroporphyritic 
aggregates (up to 4 mm long) 
finely-vesicular pumice, light grey to pale ocker, highly stretched vesicles give overall flow banding; Pc-rich (ca. 20%), no alignment of Pc's 
finely-vesicular pumice, middle- to dark-grey bands (different glass types) indicate flow layering; Pc-rich with large plag Pc's (up to 3.5 mm in length) 
light- to middle-grey finely vesicular pumice, alternating thin layers of different grey shade define good flow layering (parallel, and wrapped around 
Pc's); Pc-rich, although no flow aligned Pc's 
identical to TR-1 but with slightly more tiny reddish patches (spherulites?) 
'sugary' crystalline, light to middle grey, with patchy grey shade distribution; no flow banding; no vesicles; Pc-rich 
finely to coarsely vesicular pumice, differences in grey shades (dark-to light-grey) define flow layering which is consistent with stretching direction of 
vesicles; Pc-rich (ca. 23%), some plag Pc are flow aligned 
yellow-brown hydrothermally altered material 
greenish hydrothermally altered material 
dark red-brown hydrothermally altered material 
semi-soft altered rhyolite 
'sugary', partly baked rhyolite with pale pink coating 
finely to coarsely vesicular pumice almost identical to TR-4; matrix is lighter coloured 
reddish altered finely vesicular pumice, flow is defined by highly elongated vesicles; Pc-rich (ca. 20%), Pc's are not flow aligned 
dark grey to black finely vesicular pumice, stretched vesicles define flow, larger plag Pc's are flow aligned, Pc-rich (ca. 22%) 
finely to slightly coarsely vesicular pumice, pale ocker to light grey, flow layering by aligned plag Pc's and highly stretched vesicles; Pc-rich (ca. 20%) 
finely to coarsely vesicular pumice very similar to TR-12; Pc-rich with few large flow aligned plag Pc's 
dense, but slightly vesicular, colour banding suggests flow banding (reddish-violet, greenish-grey), few large plag+bio Pc's are flow aligned; oriented 
sample: £.1. 62° -t 061, face 64° -t 306 
finely vesicular pumice, white to light grey, only in a few patches flow banding as indicated by highly stretched vesicles, Pc-rich, no flow alignment 
of phenocrysts 
ocker to middle-grey, finely-vesicular pumice, stretched vesicles indicate general flow banding, larger plag+bio Pc's are flow aligned, Pc-ric (ca. 23%) 
bright red altered breccia with pumice clasts (sub angular to rounded, up to 2.2 cm in length) 
Sample 
TR-18 
TR-19 
TR-20 
TR-21 
~ TR-22 
f-' 
""" 
TR-23 
TR-24 
TC-l 
T-8 
Macroscopic description 
identical sample to that of TR -17 but with coating of white secondary minerals 
finely vesicular pumice, light- to middle grey; apparent flow banding due to highly stretched vesicles and alignment of large plag+bio Pc's 
identical to TR-19 but slightly coarser in pumiceous character; flow banding also indicated by differences in the grey shade (light to dark grey), thin 
bands 
dark grey to almost black, dense finely vesicular pumice; flow banding by few patches of more pronounced pumiceous character and slightly lighter 
grey bands as well as alignment of large plag Pc's 
middle-grey crystalline, dense, good flow layering by differently grey-shaded bands and short white lenses; flow alignment of large plag Pc's; minor 
small vesicles 
crystalline, dense, white to light grey, vague flow banding by short middle grey schlieren (up to 1.5 mm long), also flow aligned bio+plag Pc's, minor 
vesicles (::;1 mm in diameter) 
finely vesicular pumice, middle grey, with minor larger vesicles, no apparent flow alignment of Pc's although stretching of vesicles indicate a defined 
flow banding 
light to middle grey finely vesicular pumice; no apparent flow layering, only minor orientation of flattened pumices, Pc-rich, no flow aligned Pc's 
middle grey finely vesicular pumice with red patches throughout, flow banding defined by stretching direction of vesicles and alignment of large 
plag+bio Pc's, Pc's-rich (ca. 23%) . 
APPENDIX D. DETAILED PETROGRAPHIC DESCRIPTION OF ALL SAMPLES 
D.3 Macroscopic sample description, Gebbies Pass, Banks Penin-
sula 
The handspecimens from Gebbies Pass can be subdivided into felsitic rhyolites (RHY) and obsidians (OBS). 
The two groups are each macroscopically very similar and, therefore, discussed as groups rather than indi-
vidual samples. 
Felsitic rhyolite (RHY) 
The felsitic rhyolite shows a very strong flow banding which in turn varies from strongly parallel to 
cauliflower-like over short distance. The flow layering is marked by slight colour differences of the dense 
felsitic rhyolite: whitish, yellowish, and brown flow layers. Phenocrysts are rare and mainly comprise of 
quartz. 
All, except for two samples (see below) are felsitic rhyolites and their macroscopic features are identical 
for the four studied locations. 
Obsidian (OBS) 
Two samples from the Obsidian Dome (BP-OH-2 and BP-OH-4) are obsidians. The black glass shows 
large perlitic cracks which are up to 2 em in diameter. A strong flow layering is formed by bands of slightly 
different grey shades and black. Sparse phenocrysts are mainly quartz with minor altered biotite. 
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DA Macroscopic sample description, Mt Somers 
Sample 
MS-l 
MS-2 
MS-3 
MS-4 
MS-5 
MS-6 
MS-7 
MS-8 
MS-9 
MS-IO 
MS-ll 
MS-12 
Macroscopic description 
very dense; dark grey, almost black in colour; no visible flow layering or lineation; prominent phenocrysts of fsp and qu (max. 20%) 
light-grey altered with still dark-grey core; platy handspecimen, ca. 2.5 cm thick; no apparent alignment of Pc's II to platy surface; Pc's of qu and 
fsp (ca. 10%); reddish-brown alteration rim (up to 1 mm thick) along platy layers and fractures throughout the rock 
middle-grey, dense; relative dense network of fractures which together with alteration along those fractures give a breccious appearance with minor 
matrix (clast supported); alteration along fracture is reddish-brown; large Pc's of fsp (max. 4 mm in length) 
light grey, dense; towards core of handspecimen three zone separated by orange-brown irregular rings; towards core rock becomes darker grey; 
prominent fsp Pc's up to 6 mm in length; no alignment of Pc's . 
appears as breccia of light grey clasts set in a reddish-brown matrix, all enclosing a dark-grey homogeneous core; prominent Pc's of fsp up to 5 mm 
long; 'brecciated' rim is 1 to 3 cm thick and may be a product of pervasive alteration along a network of fractures 
light to dark grey coloured with patches delineated by small orange-brown alteration zones and difference in grey scale; crude alignment of fsp Pc's 
parallel to upper and lower surface of handspecimen; fsp Pc's up to 4 mm long 
flow banded reddish-violet rhyolite; bands differ in intensity of violet colour; some whitish bleaching patches, no lineation; prominent fsp Pc's up to 
4 mm across; ca. 1 mm long qu Pc 
flow banding marked by colour differences (nuances in violet and pink); bands are 0.5 to 3 cm wide; large fsp Pc up to 6 mm long; some of the fsp 
are altered to whitish material; crude flow alignment of Pc's; small qu Pc's (max. 1 mm across) 
breccious appearance: light grey, angular, slightly rounded 'clasts' set in dark reddish-brown 'matrix'; dense rock; prominent fsp Pc (max. 4 mm in 
length) without apparent flow alignment; minor qu (ca. 1 mm across) 
dense, light grey; slightly speckled in core; broad yellowish-brownish alteration rim; fsp Pc's are reddish and up to 5 mm long; minor rounded qu Pc's 
up to 1 mm across; no apparent flow alignment of Pc's 
homogeneous dark-grey to black, very dense, no obvious alteration; fsp Pc's are not aligned, max. length of 4 mm; sparse gt Pc's 
homogeneous light-grey, almost whitish; dense; prominent fsp Pc's up to 4 mm across; rounded qu Pc's up to 1 mm in diameter; crude flow alignment; 
sparse gt Pc's 
Sample Macroscopic description 
MS-13 breccious appearance: light grey 'clasts' (ca. 0.5 to 1 cm in 0) set in a brownish-reddish 'matrix'; appearance probably due to alteration along 
fracture network; prominent fsp Pc's are not flow-aligned and up to 3.5 mm long; good rounded qu Pc's up to 1 mm in 0 
MS-14 whitish to light grey, slightly patchy distributed; dense; some small fractures are whitish outlined; prominent fsp Pc's up to 5 mm long; traces of gt 
Pc «1 mm across); rounded qu Pc's up to 1 mm across; no flow- alignment 
MS-15 light to middle-grey speckled giving a banded appearance (bands and lenses with colour differences); prominent fsp Pc's are slightly altered (whitish 
to light-reddish in colour) and up to 6 mm long; rounded qu Pc's up to 1 mm across; no gt; large Pc's are not flow aligned 
MS-16 light to middle brownish-grey: colour differences define flow banding; small Pc's are flow aligned, large Pc's not; fsp Pc's up to 5 mm long; qu Pc's 
ca. 1 mm across; rare gt Pc's up to 1 mm across 
MS-17 pinkish-violet, good parallel flow-banding (mm-scale) with interrupted bands in cm-range; bands are slightly curved (cauliflower-like); some whitish 
bleaching patches; fsp Pc's up to 4 mm long; some fsp's are whitish altered; minor qu Pc's (max. 1 mm across); no gt 
MS-18 very dense, middle grey; platy (cm-range); no apparent flow layering (also not parallel to platiness) or flow- alignment of Pc's; 5 cm long xenolitic 
nodule oblique to platiness; fsp Pc's up to 5 mm long and partly altered (whitish or reddish-white); qu Pc's ca. 1 mm across; rare gt Pc's up to 2 
mm across 
MS-19 dense; middle to dark grey; slightly platy (x cm scale); prominent fsp Pc up to 4 mm across; minor qu Pc's up to 1 mm across and sparse gt Pc's 
(max. 1.5 mm across); no obvious flow banding or alignment of Pc's 
MS-20 dark grey; dense; slightly platy (cm scale); no apparent flow layering or alignment of Pc's; Pc: fsp (max. 4 mm long), qu (max. 1.5 mm across), rare 
gt (max. 1 mm across) 
MS-21 light grey, dense, slightly platy (parallel fracture set in mm-range); flow layering at ",800 to it; good flow alignment of Pc's; in orientation of flow 
layering boudin-like fresh core separated from surrounding matrix by dark reddish-brown alteration rim; outside core: matrix is slightly altered 
(orange in colour); Pc's: fsp (max. 3 mm long), qu (ca. 1 mm across), gt (ca. 1 mm across) 
MS-22 dark violet, slightly bleached in places; dense; no apparent flow-alignment of Pc's or flow layering at all; Pc's of fsp (max. 3 mm long), qu (max. 1 
mm across); rare gt (max. 2 mm across) 
MS-23 dense; light to middle grey, defining mm-scale parallel flow layering, layers often interrupted (mm to cm range) and folded (cauliflower-like); Pc's of 
fsp (max. 4 mm long; some whitish altered); qu (max. 1.5 mm across) 
MS-24 dense, light to middle grey, inhomogeneous colour distribution but not indicating any flow layering; slight platiness in mm to cm scale; Pc's: fsp 
(max. 3 mm long, some are whitish altered); qu (up to 1 mm across); minor gt (reddish, up to 1.5 mm in 0) 
MS-25 dense; middle to dark grey, forming a pronounced parallel flow layering, some of the Pc's flow aligned; fsp up to 4 mm long, some are whitish altered; 
qu up to 1.5 mm across; rare gt: up to 1 mm in 0 
MS-26 dense; middle grey, slightly inhomogeneous colour distribution (patchy); no apparent flow banding; no alignment of Pc's; fsp up to 4 mm long; some 
are altered to whitish interior; qu: well rounded, max. 1.5 mm across; minor gt: deep reddish, max. 1.5 mm across; some xenolitic material: dark 
grey, good rounded, lensoid in shape, without Pc's 
..,. 
t-,:) 
I-' 
Sample Macroscopic description 
MS-28 dense, middle to dark grey; no apparent flow layering; no preferred orientation of Pc's; Pc's: fsp laths up to 4 mm long (often with reddish rim; some 
are whitish altered in interior); qu: round grains ca. 1.5 mm across; rare gt (dark red, ca. 0.5 mm in 0); widely spaced fracture-network (whitish 
outlined) 
MS-29 
MS-30 
MS-31 
MS-32 
MS-33 
MS-34 
MS-35 
dense, middle grey to slightly olive; platy in mm range; no apparent flow layering or preferred orientation of Pc's: fractures along plates and normal 
to it provided alteration path (max. 1 mm wide); Pc's: fsp laths up to 3.5 mm long; round qu (max. 1.5 mm across); rare gt (max. 1 mm in 0) 
breccia of dark grey, almost glassy clasts in light grey matrix; clasts range in size from, groundmass to several cm; are angular and rounded at edges; 
Pc's: mainly qu grains and minor fsp (all « 1 mm in length/diameter) 
dense, appears almost glassy; light- to middle-grey; flow aligned in mm-scale, small scale folds; perlitic cracks?; also platy in x mm scale at ",80- 85° 
to flow layering; no flow alignment of Pc's; Pc's: fsp and qu (both ca. 1-2 mm long); rare dark-red gt (ca. 1 mm across) 
breccia: dense green matrix; whitish, middle and dark grey clasts, angular and slightly rounded at edges, ca. 2 cm in longest dimension; clasts amount 
to ca. 10%; in darker grey clasts small whitish altered Pc's recognisable 
dense, largely altered; some dark grey clasts arranged in bookshelf-like fashion set in a flow layered matrix with small scale folds; layering indicated 
by different grey shades; Pc's appear to be altered: whitish fsp (max. 3 mm long); minor qu (ca. 1 mm across); minor gt (max. 1 mm in 0) 
dense; light grey with rather thorough alteration throughout rock; no apparent flow layering or alignment of Pc's; Pc's: fsp laths up to 6 mm long, 
some are whitish altered in interior; rounded qu grains up to 1.5 mm across 
dense; light grey with slight pale violet touch; inhomogeneous with middle grey; no apparent flow layering or alignment of Pc's; Pc's: fsp lath 
(often whitish altered in interior; max. 2 mm long); rounded qu grains «1 mm across); rare gt grains «1 mm across); alteration rings throughout 
handspecimen 
MS-36 dense, light to middle grey, inhomogeneous distributed which may suggest in places flow layering; no preferred orientation of Pc's; Pc's: fsp laths up 
to 5 mm across and often whitish altered in the interior; rounded qu grains up to 1 mm across; rare dark-red gt (ca. 1 mm across) 
MS-37 dense; pale pink to white indicating flow layering, with middle grey 'clasts' of high aspect ratio giving an ignimbritic appearance; flow bands and 
highly elongated 'clasts' show small scale folding with overturned folds; Pc's are apparently not flow aligned; Pc's: fsp prisms up to 5 mm long; 
rounded qu grains up to 1.5 mm across; rare gt up to 1 mm in 0 
MS-38 light grey to whitish; dense; coloration more or less homogeneous; small Pc's show good flow alignment not given with colour differences; Pc's: fsp 
prisms max. 3 mm in length, often whitish altered in interior; rounded qu-grains (ca. 1 mm across); rare dark-red gt (<<1 mm in 0) 
MS-39 dense; more or less homogeneous light grey; no apparent flow layering but minor flow alignment of smaller Pc's; large fsp prisms, max. 3 mm long 
or as larger aggregates; rounded qu grains (ca. 1 mm across); rare dark-red gt «1 mm in 0) 
MS-40 dense; grey to slightly pinkish-violet with minor whitish bleaching spots; small Pc's indicate flow layering; around larger aggregates of Pc's (especially 
already reddish altered ones) whitish alteration rim; Pc's: large fsp prisms up to 3 mm long; minor rounded qu grains up to 1 mm across; rare 
dark-red gt « 1 mm in 0) 
MS-41 dense, strong contrasts in colour shades of pale-pinkish to violet grey; partly elongated pumices (ignimbrite?); coarse flow layering; Pc's not flow 
aligned; Pc's: fsp prisms max. 3 mm across (whitish altered in interior; rounded qu grains (ca. 1.5 mm across); rare deep-red gt (ca. 1 mm across) 
..,. 
tv 
tv 
Sample Macroscopic description 
MS-42 dense; light to middle-grey, colour differences define good flow banding (in mm scale); small Pc's are flow aligned; platiness in x cm range; perpendicular 
to platiness faint set of fractures (mm range apart); Pc's: fsp laths up to 3 mm long (often whitish altered in interior); rounded qu grains (ca. 1.5 
mm across); rare deep-red gt « 1 mm across) 
MS-43 dense; pale-pinkish grey and dark grey coloration define pronounced flow layering (sometimes sharp as in shear planes); partly thoroughly altered 
(reddish coloration); Pc's are largely flow aligned as are minor whitish clasts (ca. 10 mm long); Pc's: fsp prisms up to 3 mm long and often whitish 
altered in interior; rounded qu grains (ca. 1.5 mm across); rare dark-red gt (<<1 mm across) 
MS-44 dense; light grey with slightly darker grey bands indicating faint flow layering; speckled appearance; Pc's are not flow aligned; crude platiness (in cm 
scale); large fsp prism (mac. 3.5 mm long; some internally whitish altered); rounded qu-grains (max. 1.5 mm across); rare gt (dark red; max. 1.5 
mm in 0) 
MS-45 dense; dark grey, slightly inhomogeneously distributed; some dark red patches, slightly elongated; coloration as a whole indicates a faint flow layering; 
Pc's are not flow aligned; Pc's: fsp (max. 3 mm long and minor whitish altered in interior), qu (rounded grains, ca. 1 mm across), rare dark red gt 
«1 mm across) 
MS-46 
MS-47 
MS-48 
MS-49 
MS-50 
MS-51 
MS-52 
dense; greenish altered matrix; difference in green shading form good flow layering; some orange-grey pumices with distinct flow pattern around them; 
no apparent flow alignment of Pc's; Pc's are often altered (whitish or reddish in the interior); fsp; qu (fresh); ignimbritic in character 
dense; light greenish-grey, inhomogeneously distributed, suggests flow banding; also fragmented in places, like small 'clasts' or pumices (reddish in 
colour); fsp Pc's often appear whitish altered in their interiors; rather fresh qu grains (ca. 1 mm across); ignimbritic . 
dense; grey-greenish-whitish; appears to be flow layered and clastic (ignimbritic with low aspect ratios); rounded qu-grains up to 2 mm across; fsp 
Pc's up to 2 mm long and often altered (whitish in interior); 
dense; middle to dark violet with broad flow banding; Pc's are not flow aligned; large fsp laths up to 4.5 mm long; rounded qu grains up to 1.5 mm 
in 0; rare dark red gt grains (ca. 1 mm across) 
dense, dark grey to black; no apparent flow layering or alignment of Pc's; prominent platiness ca. 2.5-3 cm apart; fsp laths up to 3 mm long (some 
of them whitish altered in interior); qu up to 1.5 mm across; rare dark-red gt (ca. 1 mm in 0) 
dense; dark violet without apparent flow layering; small Pc's are flow aligned; fsp lath up to 3 mm long; qu XX ca. 1 mm across; some of the Pc's 
with reddish alteration halo; minor brownish-ocker, angular patches 
dense, altered: matrix either light grey or bright red in colour (sharp border between the two variations); no apparent flow layering or alignment of 
any Pc's; fsp Pc's seem to be altered (whitish in the interior), up to 4 mm long; rounded qu grains up to 2 mm across; some long fractures criss-
crossing the handspecimen: filled with reddish, chalcedony-like material and having a white rim on either side 
MS-53 dense, dark violet-grey without apparent flow layering; white alteration rim; Pc's are not flow aligned; fsp Pc's up to 3 mm large, some of them 
whitish altered in interior; rounded qu grains (ca. 1.5 mm across) 
MS-54 dense, multicoloured (greyish, greenish, reddish, yellowish); ignimbritic appearance: good flow layered in places, clastic, elongated, welded pumices; 
Pc's in places flow aligned; fsp prisms up to 4 mm long; qu grains up to 2 mm across 
D.5 Microscopic sample description, N gongotaha Dome, Rotorua 
A detailed description of different spherulitic growths forms as well as different microlite types is given only once, for NQ-6, since they do not vary in appearance 
throughout all thin sections. Variations in size and proportions of the features are stated for all thin sections. 
Sample 
NQ-6 
NQ-7 
.1 lin. 
Phenocrysts 
plag: euhedral, slightly rounded, few are fractured; 
strongly resorbed in clasts; weakly zoned with nor-
mal trend, rare osciI. zon.; simple or no tw.; max. 
1.62 mm long 
opx: euhedral to subhedral, rare opaquish rims, in-
ternally fractured; 2V L ",60°; often assoc. with 
opaques; max. 0.6 mm long 
mt: ± euhedral (4-sided), edge-rounded; max. 0.23 
mm long 
plag: euhedral, but also broken and embayed, sieve 
textures either in centre or near rim, simple or no 
tw., normal to osciI. zon., max. 2.64 mm long 
opx: euhedral, slightly rounded; single or glomer.; 
2V L ",50-60°; max. 0.75 mm long 
mt: ± euhedral (4-sided), slightly rounded, as clus-
ters and single; up to 0.11 mm in 0 
Pc % Groundmass 
3.5 
0.5 
0.3 
2.6 
0.3 
0.4 
ca. 35% glass with flow-aligned microlites; 
otherwise felsitic and (micro) spheruI. devitr.; 
microlites: mostly (i) p'green px needles 
(ext. L "'30-40°; max. 45 {.tm long, 3 {.tm 
wide, pyramidal terminations); rare (ii) fsp 
prisms (straight ext., max. 120 {.tm long, 6 {.tm 
wide); minor (iii) bead-like arranged prisms 
(prisms are stout and <1 {.tm long; length of 
these strings varies, max. 100 {.tm long), and 
(iv) opaques (",5-6 {.tm) 
spher.: (i) minute colourless (",20-30 {.tm in 
0), II to f.l., cutting through other spher.; 
(ii) yellow-brown irregular patches, often sur-
rounding vesicles; (iii) d'brown, variously 
colour-zoned, single or growing on (ii), up to 4 
mm in 0; (iv) m'brown, sheaf-like, growing on 
(ii), single or as aggr., mostly 0.4 mm across; 
(v) grey, coarse fibrous (4-6 {.tm thick fibres) 
single, up to 2.1 mm in 0 
completely devitr. (two main textures): 
(i) yellow microspherulitic, polygonal spher. 
pattern with polygon 0 of 40-90 {.tm, micro-
lites indicate good f.I., trails of small vesicles 
(",0.4 mm wide) 
(ii) grey and d'brown cryptocryst. and minor 
microspherulitic, strong f.I., with complex in-
tergrowth of relict? spher.; in places strongly 
folded and cauliflower-like 
Remarks 
complex relation of devitr. features, 
broad folded f.l.; 
clasts: (i) grey: cryptocryst. to 
felsitic, angular to flame-like; f.I. 
with small-scalefolds; (ii) pink: bro-
ken and pulled-apart, cryptocryst., 
strong f.I., incorporates highly elon-
gatad lenses of matrix; both are sep-
arated from matrix by thin, colour-
less spherulitic rim (",10 {.tm thick) 
vesicles: irregular in shape, com-
monly form trails following f.I.; some 
are lined with tri? 
microlites: mainly px needles with 
minor fsp (often hopper-like ter-
minated), minor bead-like strings; 
show staining or become opaque 
in vicinity of vesicles; distribution 
varies strongly across thin section 
vesicles: lined with tri? in yellow 
Gm; large vesicles (up to 4 mm long) 
in grey Gm, not lined with min. 
Sample 
NQ-8 
II lin. 
NQ-8 
.1 lin. 
NQ-9 
NQ-IO 
.1 lin. 
NQ-IO 
II lin 
NQ-ll 
II t.g. 
Phenocrysts 
plag: euhedral, some broken, some slightly embayed; 
minor sieve textures; minor zon. (normal, oscil.); 
max. 1.88 mm long 
opx: ± euhedral, slightly rounded, with opaque rim, 
some completely opaquish; max. 0.76 mm long 
mt: euhedral (4-sided), in average 0.2 mm in 0, 
max 0.38 mm 
Pc % Groundmass 
2.3 
0.2 
0.1 
completely spher., forming polygonal pat-
tern: d'reddish-brown, polygons up to 1.9 mm 
across 
grey spher.: coarse-fibrous, originally prob. 
continuous or growing around vesicles (f.l. 
is deflected) but are partly removed leaving 
voids, some of these voids are lined with tri? 
Remarks 
plag Pc's generally flow aligned, esp. 
plag micro-Pc's 
microlites: strongly parallel flow 
aligned, needles are d'brown stained 
or completely opaque 
also chains of rhomb-shaped vesicles 
oriented II to £'1., rhombs are ",0.2 
mm across and filled with tri? 
same properties as NQ-8 (II lin.), plag micro-Pc's are flow aligned (",100-200 /-Lm long, often with fork-like terminations); cluster of small fsp's 
(cluster'" 0.5 mm across; fsp crystals range from 0.14 to 0.02 mm in length; no chain of rhomb-shaped vesicles 
plag: euhedral, but frequ. fragmented, some em- 2.6 completely spher. devitr.: (i) grey-brown: 
bayed and sieve textured; inc1. mt+opx; often osci1. form Gm polygonal mosaic (",2 mm in 0), 
zon.; max. 2.83 mm long (ii) brown with d'brown rims, up to 0.95 mm 
opx: euhedral to subhedral, good rounded, com- 0.2 in 0, sparse; (iii) d'brown fragments, up to 4 
monly with opaque rim, some completely opaquish; mm in 0; (iv) grey with dark grey rims, up to 
max. 0.76 mm in 0 5+ mm in 0 
mt: euhedral (4-sided), rounded, max. 0.2 mm in 0.4 
o 
plag: euhedral, some fragmented, embayed and sieve 2.6 
textured; strong zon., minor patchy zon.; inc1. mt; 
max. 1. 96 mm long 
opx: ± euhedral; common opaque rim, some com- 0.2 
pletely opaque; as glomer. aggr.; max. 0.46 mm long 
mt: rounded, subhedral (4-sided); max. 0.38 mm 0.1 
long 
completely spher. devitr.: (i) d'brown polyg-
onal mosaic, circular or sheaf-like (max. 1.9 
mm in 0), sheafs growing sequentially; (ii) 
grey, 4+ mm in 0, with Pc's in centre, mi-
crolites fade out, few have central voids (sec., 
lined with tri?) 
microlites: needle-like, all altered 
(opaquish), up to 100 /-Lm long, good 
flow aligned; disappear gradually in 
spher. type (iv) 
voids: irregular in shape, but gen-
erally elongated in flow plane; gen-
erally lined with sec. min. (tri?) 
small plag-Pc's (",200 /-Lm long, 
skeletal, hopper-like terminations) 
grade into microlite size: com-
monly 20-30 /-Lm long, strongly flow 
aligned 
same proporties as NQ-10 .1 lin.; plag max. 2.64 mm long; opx max. 0.76 mm long; more complex intergrowth of spher.'s; chains of rhomb-shaped 
voids in flow plane (rhombs ",0.3 mm in 0; similar to NQ-8 II lin.); aggr. of plag+opaques: 1.12 mm across, XX <0.19 mm long 
plag: euhedral, fractured, some slightly embayed 
and sieve textured; inc1. opx+mt; some as glomer. 
aggr.; max. 2.7 mm long 
opx: euhedral, slightly rounded; alt. varies from 
small opaquish rim to complete replacement; also 
sieve textured; max. 0.68 mm in 0 
mt: euhedral (4-sided), slightly rounded, max. 0.38 
mmin 0 
2.8 
0.4 
0.3 
almost completely spher. devitr. 
minor glass: £.1. defined by yellow-brown 
streaks of tiny globules and microlites; faint 
perlitic cracks 
spher.: (i) d'brown fragments with colour-
less spher. rim (",40 /-Lm wide), (ii) mainly 
grey-brown and red-brown, forming polygonal 
mosaic, up to 4+ mm in 0 
few plag micro-Pc's are flow aligned; 
microlites: green stout prisms 
(px?) , and bead-like arranged px?-
prisms; form f.1., with small-scale 
folds 
Sample 
NQ-ll 
1- t.g. 
NQ-12 
NQ-14 
II t.g. 
NQ-15 
NQ-16 
Phenocrysts Pc % Groundmass 
same proporties as NQ-ll II t.g., but no flow alignment of microlites and micro-Pc's 
plag: euhedral, some fractured, embayed and sieve 2.4 
textured, as glomer. aggr., commonly tw., none and 
good zon.; inc1. opx+mt; max. 1.96 mm long 
opx: euhedral, slightly rounded, alt. varies from 0.2 
opaquish rim to complete replacement; often as 
glomer. aggr., max. 1.29 mm long 
mt: euhedral (4-sided), rounded, max. 0.38 mm 0.2 
long; Hm needle (0.57 mm long) 
plag: euhedral, some fractured (in situ), embayed, 
and sieve textured; incl. opx; max. 1.52 mm long 
opx: euhedral, good rounded, esp. if opaquish alt. 
(either as rim or complete); max. 0.38 mm in 0 
mt: euhedral (often 4-sided), slightly rounded; max. 
0.38 mm in 0 
plag: euhedral, often embayed or sieve textured, 
some fragmented (in situ), minor tw., good or no 
zon., inc1. opx+mt; max. 2.5 mm long 
opx: (eu-) to subhedral, good rounded, generally 
alt. (either rim or completely opaque); max. 0.61 
mm long 
mt: euhedral (4-sided), slightly rounded, max. 0.38 
mm in 0; Hm needle (0.5 mm long) 
plag: euhedral, some fragmented (in situ), minor 
two and zon.; max. 1.14 mm long 
opx: (eu-) subhedral, good rounded, alt. (either 
opaque rim or completely); max. 0.76 mm long 
mt: euhedral (4-sided), good rounded, max. 0.4 mm 
in 0 
2.4 
0.2 
0.1 
2.4 
0.2 
0.2 
2.3 
0.3 
0.2 
completely spher. devitr. with felsitic texture 
in interstices of spher.'s 
spher.: (i) large grey (4+ mm in 0), coarse 
fibrous ("-'1-2 /-Lm wide), (ii) mosaic of tiling 
grey spher. 's « 1.88 mm in 0), frequ. coarse 
fibrous ("-'20 /-Lm wide), often with outer 
brownish rim 
completely spher. devitr., d'brown, either 
as alternating axioliticjsheaf-like and felsitic 
bands or as circular, slightly resorbed spher.'s; 
coarse-fibrous grey spher.'s (max. 6 /-Lm in 0) 
in interstices of d'brown round spher.'s; minor 
yellowish spher. patches 
completely spher. devitr.: (i) large spher.'s 
with brown core and becoming gradually grey 
towards the rim, fibres ,,-,4 /-Lm thick; if cen-
tral void, lined with sec. min. (tri?); (ii) in-
terstices betw. (i) filled with mosaic of grey 
sheafs; (iii) few relict m'brown spher. frag-
ments 
completely devitr.: felsitic Gm with spher. 
fragments 
felsitic Gm: very finely porous with 
widespread tabular and prismatic XX filling 
voids 
spher. fragments: type (i) of previous sample, 
with flow aligned altered microlites 
Remarks 
microlites: all altered, opaquish 
bead-like strings, II f.l.; max. 50 /-Lm 
long (average: 20-30 /-Lm), f.1. folded 
in places 
microlites: commonly opaquish 
alt., bead-like strings, continuous for 
x mm, strongly flow aligned; in yel-
lowish spher. patches unaltered (up 
to 60 /-Lm long plag needles) 
in part of circular spher.'s large, 
rounded to elongated vesicles, up 
to 4 mm in 0 
microlites: usually corroded 
and opaquish, bead-like strings of 
prisms; in brown spher. cores more 
microlites (irregularly arranged), 
otherwise flow aligned 
felsitic Gm appears to be silicified 
and has characteristics of cominuted 
pumiceous material 
Sample 
NQ-18 
NQ-19 
NQ-20 
..1 t.g. 
NQ-21* 
NQ-22 
Phenocrysts 
plag: euhedral, minor fragmented (in situ), em-
bayed and/or sieve textured; minor sericitised; max. 
1.88 mm long 
opx: euhedral, ±fresh, rare alt. rims; max. 0.84 mm 
long 
mt: subhedral, rounded, max. 0.23 mm in 0 
plag: euhedral, minor sieve textured (glass+mt?), 
simple tw.; max. 2.0 mm long 
opx: euhedral, minor slightly rounded, fresh; max. 
0.38 mm in 0 
mt: euhedral (4-sided), max. 0.34 mm in 0; minor 
irregularly shaped opaques assoc. with spher's 
plag: euhedral, minor fragmented (in situ), sieve 
textured,occas. embayed, strong to none zon.; max. 
2.2 mm long 
opx: euhedral, slightly rounded, minor small opaque 
alt. rim, minor as glomer. aggr. (+mt); max. 0.76 
mm long 
mt: euhedral (4-sided), slightly rounded, max. 0.23 
mm in 0; ilm needles (max. 0.25 mm long) 
plag: euhedral, often simple two and zon. (normal); 
rare sieve textured and fragmented; inc1. mt+opx; 
max. 1.6 mm long 
opx: subhedral, strongly fragmented but rarely with 
opaque rim; max. 1.14 mm long 
mt: subhedral, good rounded, max. 0.27 mm long 
plag: euhedral, some fragmented and sieve textured, 
incl. opx+mt, good normal zon., max. 1.7 mm long 
opx: euhedral, slightly rounded, often as glomer. 
aggr. (+mt+plag), often with small opaque alt. rim; 
max. 0.23 mm long 
mt: euhedral (4-sided), good rounded, max. 0.38 
mm in 0; Hm: needles up to 0.65 mm long 
Pc % 
3.0 
0.5 
0.1 
1.9 
0.3 
0.1 
2.8 
0.1 
0.3 
2.0 
0.4 
0.2 
2.2 
0.2 
0.2 
Groundmass 
completely spher. devitr.: (i) mainly grey 
spher's with 0 of <3mm, as sheafs, half 
spheres or circular individuals; max. fibre 
width 4 pm (ii) d'brown circular to elongated 
spher's with concentric colour rings, max. 4 
mm in 0, with plenty opaque fibres 
completely spher.(/felsitic) devitr.; small 
sheaf-like forms (on average ca. 90 pm in 0) 
completely spher. devitr.: (i) grey-brown 
spher. growth, either axiolitic or sheaf-like II 
f.1., betw. f.1. as elongated or circular forms, 
on average 0.3-0.5 mm in 0 and fibre widths 
of 1 pm (max. 30 pm); (ii) irregular patches of 
coarse-fibrous spher's (fibre width 30-40 pm) 
mainly fresh patchy-brown pumiceous glass 
with elongated and collapsed vesicles (define 
general f.1.) , contains coarse fibrous trichitic 
and sheaf-like spher's (",,140 pm in 0, fibres 
max. 12 pm thick) 
mainly spher. devitr. with few glass patches 
in interstices 
spher's: (i) dominant brown, with concentric 
colour rings (if circular), as polygonal mosaic, 
minor axiolitic along f.1.; (ii) grey (max. 4 
mm in 0, fibre width <1 pm; (iii) few yellow 
patches 
Remarks 
large voids, not lined with sec. min.; 
small voids in centres of spher's (ii) 
or along their rims, lined with sec. 
min. 
few short opaque microlites 
aggr. of fsp XX «0.16 mm long 
XX) 
minor irregularly shaped voids, of-
ten elongated, rarely lined with sec. 
min. 
many voids as result of t.g. (some 
walls are red-brown stained); also 
rounded voids, none with sec. min. 
microlites: strongly flow aligned, 
corroded and opaquish altered, on 
average ",,20 pm long (max. 60 pm) 
but also as continuous black strings 
for x mm 
microlites: (i) trichites ('spider-
like'), ca. 15 /-Lm in 0; (ii) needles up 
to 23 pm long; minor (iii) bead-like 
strings 
vesicle walls in pumice frequ. cov-
ered with tiny opaque blebs 
microlites: in glass (i) needles 
(max. 12 pm long, ± flow aligned), 
(ii) max. 40 pm long bead-like ar-
ranged px? prisms (ca. 2 pm long); 
(iii) trichites (ca. 23 pm across, fi-
bres "" 1 pm wide); are opaque in 
spher. growth forms 
Sample 
NQ-23 
..L t.g. 
NQ-23 
II t.g. 
NQ-24 
..L f.1. 
NQ-25 
Phenocrysts 
plag: euhedral, some embayed, sieve textured, and 
fragmented; good normal zon., also no zon.; max . 
2.26 mm long 
opx: euhedral and slightly rounded, with opaque alt. 
rim; max. 0.31 mm in 0 
mt: euhdral, but also good rounded, max. 0.23 mm 
in 0 
Pc % Groundmass 
2.0 
0.2 
0.3 
mainly glass with spher. growth (54:41) 
'glass': dominantly yellow 'schlieren' with 
minor colourless 'schlieren', forming strong 
£.1.; yellow 'schlieren' often discontinuous and 
folded, not isotropic (broad sweeping strain 
ext. pattern) 
spher's: m'brown sheafs around Pc's, along 
£.1. and as aggr., with opaque dendritic 
branches 
some properties as NQ-23 ..L t.g., plag max. 3.61 mm long; apparent flow alignment of plag Pc's 
plag: euhedral, slightly rounded, some fragmented, 
good zon. (normal and osci1.); some good sieve tex-
tured; max. 2.07 mm long 
opx: subhedral (good rounded), often with thick 
opaque rim, max. 0.76 mm long 
mt: eu- to subhedral, slightly rounded, often as 
glomer. aggr.; max. 0.4 mm in 0; irregular opaques 
in centre of voids, often brown stained; max. 0.4 mm 
long 
plag: eu- to subhedral, frequ. rounded, some sieve 
textured, some as fragments; An30-35, incl. opx+mt; 
max. 1.6 mm long 
opx: minor euhedral (8-sided), commonly rounded, 
fragmented, or corroded, max. 0.7 mm long 
mt: subhedral, rounded and embayed, some irregu-
larly shaped; often assoc. with opx; max. 0.11 mm 
across 
3.5 
0.4 
0.6 
3.5 
0.7 
0.6 
completely spher. devitr.: dominant polygo-
nal mosaic of brown spher. patches ",60 {-Lm 
in 0 (max. 120 {-Lm), along flow planes and 
around Pc's axiolitic and sheaf-like forms 
highly elongated irregularly shaped voids 
along f.l., filled with sec. min. 
partly devitr.; glass: colourless with fine per-
litic cracks (",0.3 mm in 0) 
five diff. spher. forms: (i) d'brown frag-
ments, max. 1.5 mm long, lack microlites of 
glass matrix; (ii) small colourless rim (10-15 
{-Lm wide) around (i); (iii) yellow patches with 
patchy spherulitic ext. pattern; (iv) m'brown, 
",0.3 mm in 0, fibres «1 {-Lm wide; (v) grey, 
with concentric brown rings towards rim, fi-
bres '" 1.5 {-Lm wide; occas. with colourless rim 
of up to 3 {-Lm wide fibres 
minor irregularly shaped voids, frequ. lined 
with colourless sec. min. (needles and tabu-
lar) 
Remarks 
rare needle-like microlites 
opaque blebs in glass 
and 
microlites: trains of almost opaque 
minute blebs (on average 12 {-Lm 
long), along certain flow planes 
strongly flow aligned, otherwise ir-
regularly oriented 
sec. min. in voids are frequ. 
yellow-brown stained, comprise tab-
ular san?, hex. plates (tri?), rare 
brown amph needles 
microlites: (i) trichites, ca. 30 {-Lm 
across; (ii) bead-like strings, often 
slightly curved, max. 75 {-Lm long; 
(iii) minor px needles (l'green, high 
ext. L), up to 150 {-Lm long, max. 
60 {-Lm wide; (iv) minor slender fsp 
needles (straight ext.), about same 
size as px needles; (v) opaque blebs, 
occas. 4-sided, commonly irregular 
in shape, ",15 {-Lm in 0 
Sample 
NQ-26 
NQ-28 
NQ-29 
Phenocrysts 
plag: eu- to subhedral, some embayed 
and sieve textured, some as fragments; 
normal and oscii. zon.; max. 2.05 mm 
long 
opx: euhedral (to subhedral), slightly 
rounded, larger XX sieve textured near 
rim, minor opaque alt. rims; max. 0.8 
mm long 
mt: euhedral (4-sided), slightly 
rounded, max. 0.23 mm long 
plag: eu- to subhedral, often frag-
mented, some embayed, few sieve tex-
tured; normal and oscii. zon.; An~18; 
inci. mt+opx; max. 1.8 mm long 
opx: euhedral, slightly rounded, 
some fragmented, rarely embayed; 2V 
L. ,,-,50°; max. 0.76 mm long; also as 
micro-Pc's (up to 60 M long, 4-6 Mm 
wide; some with bended terminations; 
ext. L. 45-50°) 
mt: eu- to subhedral (4-sided), often 
good rounded, max. 0.38 mm in 0; rare 
Hm needles 
Pc % 
2.2 
0.7 
0.4 
2.8 
0.3 
0.4 
plag: euhedral, minor fragments, nor- 2.4 
mal and oscii. zon.; rarely sieve tex-
tured; max. 2.26 mm long 
opx: euhedral, slightly rounded, fresh, 0.4 
few as fragments; max. 0.68 mm long 
mt: euhedral ( 4-sided), often good 0.1 
rounded; max. 0.38 mm in 0 
Groundmass 
partly spher. devitr.; colourless glass with multitude 
of microlites 
diff. spher. forms: (i) d'brown fragments (max. 1.6 
mm long) outlined with colourless spher. rim; (ii) 
yellow patches, (iii) small m'brown ("-'40 Mm in 0); 
(iv) m'brown with distinct fibres (0.5-1 Mm wide); 
(v) grey, max. 1.6 mm across, fibres max. 20 Mm 
wide, often as half-spheres along flow planes and 
voids; 
irregularly shaped voids, commonly lined with sec. 
min. 
partly spher. devitr.; colourless glass with small-
scale perlitic cracks 
diff spher. forms: (i) tiny colourless, circular (on 
average 40 Mm in 0), in glass and through other 
spher's; (ii) yellow patches; (iii) m'brown patches 
(spher. figure, not fibres discernable); (iv) grey, cir-
cular (max. 1.88 mm in 0) with coarse fibres (max. 
6 Mm wide); (v) grey and brown concentric coloured, 
max. 1.1 mm in 0, fibres max. 4 Mm wide; (vi) 
d'brown, circular, with opaque radiating dendrites, 
fibres <1 Mm wide, often with colourless axiolitic 
rim; (vii) continuous grey patches (related to litho-
physae), fibres ,,-,1 Mm wide, often deflected at Pc's 
partly spher. devitr.; fresh, colourless glass with 
minor small-scale perlitic cracks 
diff. spher's: (i) d'brown remains, with strong mi-
crolite banding (discordant to microlites in glass), of-
ten with colourless axiolitic rim; (ii) yellow patches; 
(iii) coarse-fibrous, grey (half-) spheres (max. 0.76 
mm in 0, fibres max. 10 Mm wide); (iii) ellipti-
cal, grey, up to 0.85 mm long, fibres ,,-,2 Mm wide); 
(iv) m'brown patches and spheres (max. 0.38 mm in 
0, fibres «1 Mm); (v) grey patches related to litho-
physae (fibres ,,-,2 Mm wide) 
Remarks 
microlites: commonly flow aligned with 
small-scale folding (tiny colourless spher's, 
,,-,30 Mm across, trace these folds); (i) 
fsp needles (on average 30 /-Lm long, 8 
Mm wide), larger with hopper-like termina-
tions; (ii) abundant px needles (on average 
12-30 M long, max. 120 /-Lm); (iii) strings 
of stout px?-prisms, up to 40 M long, often 
bend and as loops; (iv) opaque blebs up to 
32 Mm across, larger ones are 4-sided 
microlites are opaquish and corroded in 
spher's 
microlites: often flow aligned with broad 
folds, flow lined not consistent across 
thin section, sometimes discordant be-
tween lithophysae and glass; (i) slender px 
needles, (ii) plag prisms (on average 24 Mm 
long, 6 Mm wide); (iii) up to 60 /-Lm long 
strings of px? prisms «2 /-Lm in 0); (iv) 
minor opaque blebs 
broken and pulled-apart clasts: cryp-
tocryst., banded with slightly coarser 
grained bands, with colourless axiolitic rim 
("-' 10 Mm wide), microlites are deflected, 
spher's terminate at clasts 
microlites: vary in distribution, flow 
aligned to hazardous, diff. types tend to 
be concentrated in own domains; (i) fsp 
needles in patches of hazardous orientation 
(6-14 Mm long, <1-2 Mm wide, tw.); (ii) fsp 
needles in patches with strong flow align-
ment (max. 40 Mm long, tw.); (iii) strings 
of stout px? prisms (max. 100 Mm long; 
often few prisms on opaque needle); (iv) 
opaque blebs (ca. 20 Mm in 0) 
Sample 
NQ-30 
NQ-31a 
..,.. 
tv 
<.0 
NQ-31b 
NQ-32 
Phenocrysts 
plag: euhedral, some slightly rounded, fragmented 
and/ or embayed; some with good sieve textures, nor-
mal and osci1. zon.; max. 2.64 mm long 
opx: euhedral, some slightly rounded; rarely frag-
mented, frequ. assoc. with mt; max. 1.5 mm long 
mt: euhedral (4-sided), but often good rounded; 
max. 0.31 mm in 0, also as irregularly shaped 
patches 
plag: euhedral, some slightly rounded, none to sim-
pIe tw.; weak zon.; some sieve textured; max. 1.5 
mm long 
mt: euhedral (4-sided), some rounded, max. 0.23 
mm in 0, also as irregularly shaped patches; more 
elongated form: ilm? 
opx?: one grain almost entirely opacitised 
plag: euhedral, mostly fresh, some strongly sieve 
textured and/or embayed, minor fragments, none 
and normal zon.; inc1. mt+opx; max. 1.9 mm long 
opx: strongly opaciticed, sub- to anhedral, max. 
0.27 mm long 
mt: sub- to anhedral, often not distinguishable from 
altered opx; max. 0.27 mm long 
plag: eu- to subhedral, some embayed, as fragments 
(often in situ), few sieve textured, inc1. mt; max. 
2.05 mm long 
opx?: no fresh opx found, but shape of some opaques 
suggests presence of former opx, max. 1.14 mm long 
mt: eu- to subhedral, slightly to good rounded, also 
as irregular patches, max. 0.4 mm in 0 
all Pc's as glomer. aggr. 
Pc % 
2.6 
0.2 
0.1 
2.0 
0.4 
0.1 
2.2 
0.2 
0.4 
3.6 
0.3 
0.6 
Groundmass 
dominantly spher. devitr.; minor fresh colour-
less glass in interstices of spher's 
diff. spher. types: (i) dominantly grey in 
three? generations, fibre 0 ",4 f.lm (up to 
10 f.lm, and coarsening towards spher. rim), 
circular spher's with 0 of 0.7-1.0 mm; (ii) 
m'brown, form centres of (i) but are strongly 
resorbed towards rim, with radiating opaque 
dendrites, fibre 0 <1 f.lm, inferred original 
spher. 0: 4+ mm 
few irregularly shaped vesicles, rarely lined 
with colourless sec. min. (plates of tri?) 
completely felsitic, but pumiceous appearance 
with highly elongated and collapsed vesicles; 
majority of grains with sweeping ext. pattern 
(spher. devitr.?) 
completely devitr.; cryptocryst. to 
spherulitic, with overall original pumiceous 
appearance; irregular bands of d'brown to 
grey small spher's (on average 0.74 mm 
in 0), all with spherulitic overgrowth of 
coarse-fibrous colourless rims 
cryptocryst. to microspherulitic with few 
coarser-grained domains, some spher's are up 
to 0.7 mm in 0; incl. fragments of d'brown 
spherulitic mat. (microlites define good f.1.); 
pumiceous /breccious 
good vesicular with large (up to 7 mm 
long) and plenty small vesicles, all irregularly 
shaped; all lined with colourless sec. min. 
(tabular, needle-like, coarse-fibrous) 
Remarks 
microlites: fresh in glassy ma-
trix, areas with plenty, strong flow 
aligned microlites, and other with 
scarce microlites; (i) fsp? needles, 
remarkably uniform size ('" 12 f.lm 
long, 1-2 f.lm wide); (ii) strings of 
px? prisms (up to 100 f.lm long), mi-
nor flow aligned, often curved and as 
loops; (iii) minor trichites (up to 14 
f.lm in 0) 
microlites are opaque and appear 
corroded in spher. devitr. matrix 
very irregularly shaped vesicles, 
some lined with tabular sec. min. 
( tri?) 
interstices betw. spher's are voids 
(not lined with sec. min.) 
microlites: trails of opaque strings 
(",20 f.lm long) in spher's 
good £.1. defined by bands of spher's, 
flow aligned plag-Pc's and microlite 
trails 
microlites are only present III 
d'brown fragments, as opaque 
strings a few f.lm long 
Sample 
NQ-33 
..L f.1. 
NQ-34a 
NQ-34b 
NQ-36 
Phenocrysts 
plag: eu- to subhedral, some as fragments, 
some deeply embayed, few sieve textured; inc1. 
mt+opx; max. 1.88 mm long 
opx: eu- to subhedral, fresh, slightly rounded, 
incl. mt; max. 0.94 mm long 
mt: commonly irregularly shaped, esp. those in 
the centre of voids; max. 0.38 mm long 
plag: eu- to subhedral; some fragmented (often 
in situ), slightly rounded, some good sieve tex-
tured, minor weak zon.; max. 1.88 mm long 
opx: (sub- to) anhedral; only few cores are fresh, 
but often completely opaquish altered; max. 0.76 
mm long 
mt: euhedral (4-sided), slightly rounded; max. 
0.38 mm in 0 
plag: euhedral (to subhedral); some as fragments 
(often in situ), few sieve textured; incl. opx+mt; 
minor osci1. zon.; max. 3 mm long 
opx: almost entirely opacitised, max. 0.6 mm 
long 
mt: euhedral (4-sided), only slightly rounded; 
max. 0.76 mm in 0; rare ilm? needles (max. 0.3 
mm long) 
plag: euhedral, some fragmented (often in situ), 
some embayed, few sieve textured; incl. mt+opx; 
max. 2.26 mm long 
opx: euhedral, some good rounded, all with 
opaque alt. rim; max. 0.57 mm across 
opaques: sub- to anhedral, up to 0.30 mm across 
Pc % 
2.8 
0.5 
0.4 
1.9 
0.4 
0.2 
2.2 
0.3 
0.3 
2.5 
0.3 
0.2 
Groundmass 
completely spher. devitr.: mainly (i) yellow-
brown spherulitic matrix (fibres «1 {.Lm wide) 
with mosaic of sheafs; (ii) d'brown fragments 
(original size of 6+ mm in 0), with colourless axi-
olitic rim (",30 {.Lm wide); (iii) grey(brown) micro-
spherulitic to felsitic patches as infilling? of irreg-
ularly shaped voids (centres of those are formed 
by sec. min.) 
partly spher. devitr. with d'brown-black 'clasts'; 
colourless glass: no microlites but dominated by 
d'grey-black 'schlieren' (composed of tiny blebs 
«1 {.Lm in 0) 
diff. spher. forms: (i) brown sheafs or circular 
forms, up to 0.4 mm in 0, mainly around 'clasts'; 
(ii) grey, up to 4 mm in 0, often with l'brown 
spher. remains in centre, fibre «1 {.Lm wide; (iii) 
colourless, in interstices of (ii) , up to 4 mm in 0, 
fibres max. 20 {.Lm wide 
almost entirely spher. devitr.; rare colourless 
glass in interstices of spher's 
diff. spher. forms: (i) remains of d'(red)brown 
spher's, original spher. 0: 4+ mm; (ii) d'brown, 
enclose (i), up to 4+ mm across; (i) and (ii) with 
opaque radiating dendritic branches; (iii) grey, 
last to form, very coarse grained (or felsitic?) 
two large clasts separated by cryptocryst. curved 
band, one is completely microspher. devitr., the 
other shows a 'devitr. front' with few tiny spher's 
in glass on one side, and completely microspher. 
on other side; strongly II aligned 'schlieren' in 
glassy part become curved in devitr. part 
average 0 of tiny spher's: 70 {.Lm in clast with 
devitr. front, 40-50 {.Lm in devitr. clast 
Remarks 
microlites: restricted mainly to 
yellow-brown patches, strings of 
stout px? prisms often continuous 
for xl0 {.Lm (up to 140 {.Lm), gener-
ally flow aligned, frequ. curved and 
looped 
sec. min. in vesicles: tri?+san?; 
rare 01 (with thick opaque rim) 
'clasts': highly elongated, drawn 
out and interfingered witlL glass, 
'schlieren' of glass are deflected; very 
dense, almost opaque; contain same 
Pc's as small fragments 
microlites: strings of opaquish 
prisms or strongly corroded needles 
(if straight), often slightly curved or 
as loops; microlites not 'fresh' even 
in glass 
highly elongated vesicles in both 
clasts, often lined with tabular 
colourless sec. min. (tri?) 
Sample 
NQ-37 
NQ-38 
..L lin. 
NQ-39 
II t.g. 
NQ-40 
II t.g. 
..L t.g. 
Phenocrysts Pc % Groundmass 
plag: euhedral, some fragmented (often in situ), 4.9 
slightly rounded or sieve textured; incl. mt+opx, 
no and normal zon.; max. 2.68 mm long 
opx: eu- to subhedral, some good rounded; fresh 0.3 
to complete opaque replacement, as glomer. aggr. 
(+plag+mt); max. 0.65 mm long 
mt: euhedral (4-sided), also slightly rounded, 0.2 
max. 0.28 mm in 0; irregularly shaped opaque 
patches in centres of vesicles 
plag: euhedral, minor fracturing, some slightly 2.6 
rounded, minor sieve textured; none to normal 
zon.; as glomer. aggr.; max. 1.9 mm long 
opx: euhedral, minor fracturing, often slightly 0.4 
rounded, some with opaque alt. rim, rarely com-
pletely replaced; inc1. mt; max. 1.14 mm long 
mt: eu- (4-sided) to subhedral, often very good 0.3 
rounded, some as irregularly shaped patches; 
max. 0.39 mm long 
plag: eu- to subhedral, few fragmented, slightly 
rounded and/or embayed, minor sieve textured; 
inc1. mt, no and normal zon.; max. 1.5 mm long 
opx: (eu- to) subhedral, often good rounded, rare 
as fragments; commonly with thick opaque alt. 
rim; max. 0.38 mm in 0 
mt: euhedral (4-sided), some slightly rounded; 
max. 0.23 mm in 0 
plag: euhedral, minor slightly rounded and/or 
embayed, some fragmented, minor sieve textured, 
as glomer. aggr.; max. 1.88 mm long 
opx: eu- to subhedral (good rounded), fresh to 
completely replaced, max. 1.26 mm long 
mt: sub- to anhedral, good rounded, max. 0.2 
mm across; ilm needle (0.76 mm long) 
2.7 
0.3 
0.2 
3.1 
0.4 
0.4 
completely spher. devitr.; diff. spher. forms: 
(i) d'brown fragments, original size ca. 3.3 mm 
in 0, with radiating opaque dendritic branches, 
surrounded by colourless axiolitic rim (max. 80 
f-tm wide); (ii) yellow patches, in betw. (i), polyg-
onal mosaic, single polygons 12-16 f-tm in 0; (iii) 
grey, latest growth [incorporates altered (i)+(ii)], 
4+ mm in 0, fibres max. 4 f-tm wide, centres filled 
with sec. min. (san?, tri?) 
completely spher. devitr.; diff. spher. forms: 
(i) d'brown fragments, original 0 up to 8 mm, 
with radiating opaque dendritic branches, fibres 
«1 f-tm wide; frequ. surrounded by (ii) colour-
less axiolitic rim (max. 40 f-tm wide); (iii) yellow 
patches, mosaic of small sheafs; (iv) grey, often 
circular or ellipsoidal, up to 4+ mm in 0, fibres 
±1 f-tm in 0 
breccia of partially spher. devitr. glass separated 
by d'grey cominuted mat.; breccia clasts are elon-
gated, taper out and vary in size 
colourless glass with aligned and strongly folded 
d'brown streaks of tiny blebs (<<1 f-tm), streaks 
are continuous for few f-tm only 
spher's: (i) m'brown sheafs or axiolitic forms 
along flow planes or breccia surfaces, with radi-
ating opaque dendritic branches; (ii) grey, large-
scale sheafs, fibres up to 8 f-tm wide 
almost completely spher. devitr., rare patches of 
colourless glass with yellow streaks; grey-brown 
spher's, mosaic of sheafs, half- sphers and circular 
forms, fibres <1 f-tm wide 
Remarks 
micr:olites: orientation changes 
from strongly flow aligned to haz-
ardous, density variations across 
thin section; all appear corroded, 
opaquish, rare needle-like, often 
strings of px? prisms; d'brown 
spher's with fewer microlites than 
yellow patches 
rare irregularly shaped voids (par-
tially lined with tabular tri?) 
microlites: all opaquish corroded, 
often as strings of aligned prisms or 
blebs, either strongly flow aligned 
or hazardous arranged (then often 
curved and looped) 
boudinaged clasts follow general 
flow pattern, very fine- grained, 
d'grey mat., with small d'brown rim 
degree of spher. devitr. varies from 
clast to clast as does the abundance 
of grey and m'brown spher's 
strong f.1. defined by opaque micro-
lite strings, often continuous for x 
mm; good flow folds; spher. half-
spheres nucleated commonly at flow 
planes 
irregularly shaped vesicles 
Sample 
NQ-41 
NQ-42 
NQ-44 
NQ-48 
-Lf.l. 
Phenocrysts 
plag: euhedral (to subhedral), some slightly 
rounded and/or embayed, minor fragmented; 
some strongly sieve textured, incl. mt+opx; max. 
2.26 mm long 
opx: sub- to anhedral; good rounded, commonly 
with thick opaque rim, often as glomer. aggr.; 
max. 0.57 mm long 
mt: sub- to anhedral; good rounded, as glomer. 
aggr. (+opx); max. 0.25 mm across 
plag: eu- to subhedral, frequ. fragmented, minor 
embayed and/or rounded, some sieve textured, 
incl. mt+opx; max. 3.02 mm long 
opx: sub- to anhedral, commonly good rounded, 
with opaque alt. rim or completely replaced; 
max. 1.14 mm long 
mt: euhedral (4-sided), minor rounded; max. 
0.31 mm across 
plag: euhedral, some fragmented, minor em-
bayed and/or sieve textured, no to normal zon.; 
as glomer. aggr. (+mt+opx); max. 2.7 mm long 
opx: (sub- to) anhedral, commonly strongly 
rounded and with thick opaque alt. rim (or com-
pletely replaced); as glomer. aggr.; max. 0.95 
mm long 
mt: euhedral (4-sided), slightly rounded, max. 
0.23 mm long (often not possibly to distinguish 
from opacitised opx) 
plag: eu- to subhedral, some rounded, frag-
mented and/or embayed, some good sieve tex-
tured, as glomer. aggr., incl. mt+opx; max. 2.0 
mm long 
opx: (eu- to) subhedral, good rounded, some 
fragmented, with ± thick opaque alt. rim, max. 
0.76 mm long 
mt: euhedral (4-sided), slightly rounded, some 
as glomer. aggr. (+opx), max. 0.42 mm across 
Pc % 
2.8 
0.3 
0.3 
1.8 
0.1 
0.3 
1.9 
0.2 
0.3 
1.3 
0.1 
0.2 
Groundmass 
almost completely spher. devitr.; rare colourless 
fresh glass 
spher's: (i) m'brown fragments, sheafs and half-
spheres, fibres «1 /-tm wide; (ii) dominantly grey, 
as polygonal mosaic, large sheafs and halfspheres, 
fibres up to 10 /-tm wide, some with concentric 
brown rings 
completely spher. devitr.: (i) d'brown fragments, 
original 0 of 4+ mm, with radiating opaque den-
dritic branches, no colourless axiolitic rim; (ii) 
mainly colourless to grey, dominantly polygonal 
mosaic with some patches defined by sheaf- like 
overgrowth, fibres up to 15 /-tm in 0, spher's up 
to 1.5 mm in 0 
completely spher. /felsitic devitr.: mainly felsitic 
matrix with numerous small vesicles and sec. 
min. throughout (silicified?) 
spher's: (i) d'brown-m'brown fragments (rare 
entire spher's), with radiating opaque dendritic 
branches, often with d'brown-black outline, orig-
inal 0 of 3+ mm; (ii) coarse, colourless-grey, 3+ 
mm in 0, fibres 30-40 /-tm wide 
partially spher. devitr.; colourless glass with mi-
nor perlitic cracks and microlites 
diff. spher. forms: (i) d'brown, as fragments or 
circular, some with concentric rings, with radiat-
ing opaque dendritic branches, max. 0.3 mm in 
0; (ii) yellow (brown) , halfspheres and circular, 
(iii) grey-brown, circular or as fragments, often 
assoc. with vesicles, with radiating opaque den-
dritic branches, up to 2.6 mm across 
Remarks 
good flow banding defined by 
opaquish microlite needles (:S12 /-tm 
long); also tiny opaque blebs (<<1 
/-tm across) and red-brown dendritic 
growth (max. 23 /-tm long) 
highly vesicular with irregular 
shapes, not lined with sec. min. 
flow aligned opaque microlites 
(mainly strings of beads-like prisms 
or blebs, up to 50 /-tm long), form 
frequ. broad folds 
only in d'brown/m'brown spher's 
parallel aligned microlites (opaque 
strings) 
microlites: locally flow aligned or 
hazardous arranged; (i) fsp needles 
(max. 60 /-tm long, 6 /-tm wide); (ii) 
strings of stout px? prisms (strings 
max. 60 /-t long; prisms ca. 8 x 5 /-tm; 
(iii) d'brown-black dendritic growth, 
max. 20 /-tm long; (iv) opaque 
blebs (4-sided to rounded, ,..,.,20 /-tm 
across) 
Sample 
(cant.) 
NQ-49 
NQ-50 
.if.l. 
NQ-56 
.if.l. 
Phenocrysts 
plag: eu- to subhedral, some fragmented, 
rounded and/or embayed, minor sieve textured, 
An30-40, as glomer. aggr. (+opx+mt); often 
with oscii. zon.; max. 1.88 mm long 
opx: eu- to subhedral, some rounded and frag-
mented, minor thin opaque alt. rims; max. 0.6 
mm long 
mt: euhedral (4-sided), minor slightly rounded, 
as glomer. aggr.; max. 0.3 mm long 
plag: eu- to subhedral, frequ. fragmented, some 
rounded and/or embayed, minor sieve textured, 
some with oscii. zon.; max. 1.88 mm long 
opx: eu- to subhedral, some fragmented, minor 
rounded, commonly with small opaque alt. rim, 
as glomer. aggr. (+mt); max. 0.95 mm long 
mt: (eu- to) subhedral, commonly rounded, max. 
0.36 mm across 
plag: euhedral, some fragmented, minor em-
bayed and/or rounded, some sieve textured, as 
glomer. aggr. (+mt+opx); max. 1.9 mm long 
opx: euhedral (to subhedral), minor rounding, 
rare fragments, 2V L ",,60°; inci. mt; max. 0.75 
mm long 
mt: ± euhedral (4-sided), slightly rounded, mi-
nor as glomer. aggr., max. 0.4 mm across 
Pc % Groundmass 
1.9 
0.2 
0.2 
2.2 
0.4 
0.5 
3.4 
0.4 
0.3 
partially spher. devitr.; colourless glass with 
small- scale perlitic cracks and microlites 
diff. spher. forms: (i) d'brown fragments, 
with radiating opaque dendritic branches, sur-
rounded by colourless axiolitic rim; (ii) yel-
low (brown) patches of half spheres and sheafs; (iii) 
m'- d'brown circular, often with concentric bands, 
max 2.6 mm in 0, (iv) rare grey fragments oflarge 
sheafs (lithophysa?), fibres <2 pm wide 
irregularly shaped voids, up to 4 mm long, sel-
domly lined with colourless plates (tri?) 
partially spher. devitr. glass intimately interfin-
gered with red alt. mat., size of glass lenses varies 
widely 
colourless glass with 'schlieren' of brown glass 
('schlieren' as glassy phase, not composed of tiny 
blebs, continues for x10 pm, often strongly con-
torted, frequ. lined with d'brown-black blebs), 
with plenty microlites, faint perlitic cracks 
red-brown spher's in irregular arrangement of 
sheafs, tend to be elongated along f.I. 
to a minor degree spher. devitr.; glass consists 
of alternating fine-banded colourless (isotropic) 
and yellow-brown (sweeping ext.; lined with tiny 
d'brown blebs) bands ('schlieren'), bands define 
general f.I., although commonly strongly folded 
d'brown-grey spher. sheafs of different size, 
frequ. aligned II f.l. 
Remarks 
d'brown-grey angular clasts, slightly 
rounded, with banding (cryptocrys-
talline to felsitic), surrounded by 
d'brown tiny dendritic branches 
microlites: flow aligned and haz-
ardous arranged, appear opaquish 
and corroded in spher's; (i) fsp nee-
dles (6-30 pm long, 1-2.5 pm wide); 
(ii) trichites, max. 20 pm across, 
also single fillaments; (iii) p'green 
px? needles (same size range as fsp 
needles); (iv) opaque blebs (round 
to irregularly shaped; up to 12 pm 
in 0) 
microlites: strongly flow aligned, 
with small-scale folds; (i) px? rods, 
often with bulbous terminations (6-
16 pm long), (ii) minor fsp rods, 
(iii) opaque globulites (commonly 
<1 pm in 0) 
alt. mat.: d'grey cryptocryst., rare 
felsitic, flow bands are deflected or 
terminate against it 
rounded xenolith: plag+px?-
+opaques, ca. 1.6 mm in 0, fsp XX 
are larger at rim of xenolith 
microlite rods seem to be restricted 
to bands of colourless glass, up to 8 
pm long, 1 pm wide 
small, irregularly shaped vesicles, 
frequ. lined with sec. min. (tri?-
+san?+hem?) 
Sample 
NQ-58 
..if.l. 
NQ-59 
..i f.1. 
NQ-60 
..i lin. 
NQ-60 
II lin. 
Phenocrysts 
plag: euhedral, some fragmented (in situ), mi-
nor rounded and/or embayed, some sieve tex-
tured (either in core or at rim), as glomer. aggr. 
(+opx+mt), incl. opx+mt, max. 2.26 mm long 
opx:· euhedral, minor fragmented, slightly 
rounded, some with small opaque alt. rim, X-
surface brownish stained, max. 0.96 mm long 
mt: ±euhedral (4-sided), slightly rounded, max. 
0.34 mm across 
plag: euhedral, some fragmented, embayed 
and/ or rounded; minor sieve textured, inc1. 
opx+mt, as glomer. aggr. (+opx+mt); max. 1.88 
mm long 
opx: euhedral, minor fragmented or rounded, 
fresh, some surfaces are brown stained, max. 0.76 
mm long 
mt: ±euhedral (4-sided), commonly slightly 
rounded, max. 0.38 mm across 
plag: euhedral, some fragmented, embayed 
and/or rounded, no and normal zon., minor sieve 
textured, some glomer. aggr., inc1. mt+opx, 
max. 1.14 mm long 
opx: eu- to subhedral, minor rounded, rare frag-
ments, some with thick opaque alt. rim, inc1. mt, 
max. 0.46 mm long 
mt: ±euhedral (4-sided), slightly rounded, max. 
0.30 mm long 
Pc % 
3.7 
0.4 
0.2 
2.4 
0.3 
0.1 
2.9 
0.2 
0.2 
Groundmass 
fresh pumiceous glass with highly elongated and 
collapsed vesicles, strong flow banding, slight yel-
low staining on vesicle surfaces, minor small-scale 
perlitic cracks 
fresh colourless pumiceous glass with highly elon-
gated and collapsed vesicles (vesicles are more 
prominent than in NQ-58), define good flow 
banding 
completely spher. devitr.: d'brown, axiolitic, 
sheaf-like or as halfspheres along certain flow 
planes, in betw. these flow planes circular spher. 
forms up to 3.7 mm in 0, fibres «1 pm wide 
same characteristics as NQ-60 ..ilin., plag-Pc's are more flow aligned and larger (max. 2.46 mm long) 
Remarks 
few d'yellow-brown dendritic mi-
crolites, max. 24 pm long 
few microlites in continuous glass 
patches: slender rods up to 50 pm 
long, vesicle surfaces frequ. covered 
with minute opaque blebs 
most plag-Pc's are flow aligned 
cryptocryst. d'grey-d'brown clasts 
parallel f.1., slightly interfingered 
with spher. matrix, clasts are also 
flow banded and contain small fsp 
fragments 
D.6 Microscopic sample description, Mt. Tarawera Volcanic Complex 
Sample 
TW-l 
TW-2a 
TW-2b 
Phenocrysts 
plag: eu- to subhedral, minor two in most Pc's, commonly strong 
normal zon. (osciL periods), some with history of strong corro-
sion, max. 2.72 mm long, minor glomer. aggr. 
qu: eu- to subhedral, commonly embayed (often narrow and 
deep), max. 2.03 mm long 
bio: euhdral (to subhedral), l'brown to olive-d'brown pleo., max. 
0.84 mm long 
minor mt: 6-sided, equant, euhedral, max. 0.27 mm in 0 
ho: l'brown to m'brown, euhedral, no alt., symmetr. tw., max. 
0.47 mm in 0; o'px?: very low 8, 2V L ""30-40, colourless, 
plag: eu- to subhedral, minor two common, often strong zon. with 
complex growth history (corrosion, fractured XX, incL small plag 
XX), some glomer. aggr. (one with fine-grained core of bio+fsp, 
xenolith?), max. 2.87 mm long, minor fracturing, incL mt 
qu: (eu-) anhedral, often deeply embayed, max. 2.0 mm long 
bio: l'brown to olive-d'brown, basis sections d'red- brown, also 
l'olive green to d'brown, max. 1.29 mm long, some include mt, 
seldom fractured 
mt: 6-sided, equant to slightly rounded, max. 0.46 mm long 
plag: same characteristics as in TW-2a, max. 2.72 mm long 
qu: eu- to subhedral, incl. opaques, max. 1.88 mm long, two 
different types(?) in C.P.L.: one type as typo qu, the other alk-
fsp like 
bio: euhedral, some slightly rounded, l'red-brown to d'brown, also 
olive green to d'brown, minor patchy colouring, minor fragments, 
max. 1.18 mm long, include opaques 
minor mt: euhedral (4- and 6-sided) as inclusion in other Pc's 
(rounded and irregularly shaped), max. 0.41 mm long 
Pc % Groundmass 
13.1 
9.4 
1.2 
0.3 
tr. 
13.7 
7.1 
1.0 
1.1 
1l.8 
9.5 
1.0 
0.3 
colourless glass (",,52%), homoge-
neous but minor f.L due to collapsed 
vesicles, parts resemble collapsed 
pumices; rare microlites (max. 0.1 
mm long) 
shapeless vesicles ("" 17%), equant to 
elongated, some interconnected, up 
to 2 mm long 
completely spher. devitr.: polyg-
onal mosaic of large (1.88 mm in 
0) and small «0.1 mm in 0) 
m'brown to d'brown spher.'s, some 
with concentric zones, all with den-
dritic branches of red-brown hem (?) 
almost completely spher. de-
vitr.: mosaic of small l'grey-brown 
to m'grey-brown spher.'s dominant, 
minor m'red-brown spher.'s (max. 
0.84 mm in 0), all spher.'s with 
branches of d'red-brown heme?) 
rare patches of colourless glass in in-
terstices between spher.'s preserved, 
no banding and no microlites 
Remarks 
several spher. generations: (i) 
ca. 4% m'brown spher. com-
monly nucleating at Pc's, single 
sphers. (max. 0.8 mm in 0, of-
ten smaller and in aggr.'s); (ii) 
minor l'brown small spher.'s of 
± uniform 0 (0.46 mm), evenly 
distributed; (iii) minor white to 
very l'brown spher.'s, ",,70 f.Lm in 
o 
few patches within spher. Gm 
with colourless to l'brown tiny 
spher. sheafs, also in rare inter-
stices of glomer. plag aggr.'s; 
no microlites 
spher. mosaic is much finer com-
pared to that in previous thin 
section (TW-2a) 
minor small irregularly shaped 
vesicles (ca. 1mm long) 
SaIllple 
TW-3 
II lin. 
TW-3 
.1 lin. 
TW-4 
TW-5a 
Phenocrysts Pc % 
plag: eu- to subhedral, also as fragments or internally shattered 12.7 
(average fragment size: 0.4 mm), wide size range, max. 4.82 mm 
long; minor tw., common strong and complex zon. (some with 
complex growth history), some sieve textured 
qu: eu- to subhedral, also as fragments or internally strongly 10.1 
fragmented; max. 1.88 mm long, two types (see TW-2b) 
bio: eu- to subhedral, a few are fractured, incl. mt and fsp, l'red- 1.3 
brown or olive to d'red-brown pleo, some with small opaque alt. 
rim 
minor Illt: generally rounded, subhedral, equant, max. 0.38 mm 0.4 
long 
GroundIllass 
strongly vesicular (ca. 20%): gen-
erally interconnected ± equidimen-
sional as well as elongated vesicles 
(individual up to 2.20 mm long), no 
sec. min. 
completely devitr.: axiolite-type 
spher. adjacent to flow planes; 
betw. flow planes circular spher. 
with concentric zonation forming 
polyhedral mosaic, up to 1.60 mm 
in 0; in interstices betw. these 
spher. 's felsitic recryst.; all spher. 's: 
l'brown to d'brown with d'red hem? 
branches 
all characteristics are the same as in thin section TW-3 (II lin.); a few plag Pc's appear to be oriented .1 to lin.; 
bio tends to be flow oriented; also in places II oriented microlites, although minor compared to TW-3 (II lineation) 
plag: eu- to subhedral, often fractured and as fragments*, minor 13.4 
tw., strong zon. (normal, osci1., and reverse; some with strong 
corrosion in early history); max. 1.88 mm long, inc1. opaques 
qu: eu- to subhedral, often fractured*; some very deep embayed, 9.7 
commonly slightly rounded; max. 2.07 mm long 
bio: l'red-brown to d'red-brown and olive green to d'olive green 1.2 
pleo.; some with patchy colour distribution, in general with small 
opaque alt. rim, some contain opaque Pc's; max. 1.03 mm long; 
also fractured 
minor Illt: 4-sided, rounded and slightly corroded at edges, also 0.5 
as irregularly-shaped patches, max. 0.43 mm long 
plag: euhedral, some fractured, minor tw., some as glomer. 10.9 
aggr.'s (sieve texture); complex zon. but in general normal trend; 
max. 2.19 mm long; inc1. mt 
qu: subhedral, fragmented, slightly to well rounded, deep and 8.7 
narrow embayments; two types?; max. 1.88 mm long 
bio: straw-yellow to d'brown, and olive-green to d'brown pleo.; 0.5 
eu- to subhedral, some slightly fractured and disintegrated; incl. 
mt; up to 1.22 mm long; also intergrown with ho 
completely spher. devitr.: polygo-
nal mosaic of m'brown spher. 's with 
d'brown rims 
a few felsitic recryst. patches in in-
terstices betw. spher.'s 
very localised trails of microlites run 
through spher.'s and wrap around 
Pc's, although they do not mark a 
general f.1. 
few equidimensional 
( ,...., 11 % ) are filled 
fragments* and not 
min. 
vesicles 
with Pc 
with sec. 
completely glassy (fresh, pumiceous: 
highly elongated and collapsed vesi-
cles marking a flow layering), no de-
vitr., minor microlites (,....,40-60 Mm 
long needles) 
ReIllarks 
some bio and plag Pc's are ori-
ented II to lin. 
plenty opaquish microlites run 
parallel to f.1., are wrapped 
around Pc's and run through 
spher.'s; accentuate f.1.; average 
microlite size: 40-70 Mm 
flow planes appear as cracks 
filled with very fine-grained ma-
trix of diminuted Pc's and devitr. 
glass 
* fracturing. and 'missing' parts 
of many Pc's appear to be due 
to thin sectioning 
a few prominent cracks run 
through the section, are filled 
with very fine-grained grounded 
matrix and fragments of all Pc's 
as well as of spher.'s; fragment 
size varies from crack to crack; 
crack margins consist ofaxiolitic 
spher. growths 
minor larger vesicles: up to sev-
eral mm long, often highly elon-
gated, no sec. min. in vesicles 
Salllple 
TW-5b 
TW-6 
TW-7 
PhenDcrysts 
lllt: equant 4- to. 6-sided, euhedral XX; slightly rounded; 
max. 0.5 mm IDng 
hD: Dne subhedral X, basis sectiDn with symmetr. tw., 0.47 
mm IDng; a secDnd X intergrDwn with biD 
plag: eu- to' subhedral, SDme as fragments, minDr glDmer. 
aggr., ab-tw.: An35, cDmplex ZDn. (reverse and DscillatDry 
periDds), SDme sieve textured; max. 1.5 mm IDng 
qu: subhedral (fragmented, rounded), max. 1.22 mm IDng 
lllt: ±equant 4- to. 6-sided, rDunded; max. 0.46 mm IDng 
DPX: euhedral, DctagDnal shape, slightly rDunded, l'green; 
2V L >60; 6'=0.018; max. 0.29 mm IDng 
hD: almDst cDmpletely Dpaque altered, ± fresh remains: 
l'brDwn to. m'brown pleD., no. interf. fig. pDssible, entire X 
0.74 mm IDng 
plag*: eu- to' subhedral; minDr fracturing, minDr tw., CDm-
mDnly ZDn. (nDrmal with reverse trends); max. 2.11 mm 
IDng; minDr sieve texture; SDme glDmer. aggr.'s (also. tD-
gether with qu) 
qu*: eu- to. subhedral, Dften rDunded and embayed, SDme 
fractured; max. 1.57 mm IDng; two. types? 
bio*: m'brown to. d'brown pleD., also. almDst Dpaque; eu-
to. subhedral; max. 1.88 mm IDng; inci. mt, fsp, and zir 
alllph*: m'brown, slightly pleD., strDngly cDrrDded and 
sieve textured, inci. glass, plag, mt, and biD; 2.3 mm IDng; 
2V L ,....,900 
plag: eu- to. subhedral; SDme fractured, tw., cDmplex ZDn. 
(nDrmal, with reverse and Dscii. trends; strong cDrrosiDn in 
early histDry); minDr sieve textures; SDme glDmer. aggr.'s 
(+mt); max. 2.38 mm IDng 
qu: eu- to. subhedral, SDme fractured, cDmmDnly embayed 
(deep and narrDw); max. 2.72 mm IDng; two. types? 
biD: euhedral- (to. subhedral), I'Dlive-brown to. d'brown 
pleD., inci. plag and mt, also. as glDmer. aggr.'s (+mt, 
+zir); max. 0.95 mm IDng 
lllt: euhedral (six-sided), slightly edges; max. 0.72 mm 
IDng 
Pc % GrDundlllass 
0.3 
tr. 
3.9 
1.2 
0.5 
tr. 
tr. 
9.1 
6.8 
2.3 
1.0 
9.7 
6.4 
1.1 
0.4 
cDmpletely devitr.: felsitic patchy 
m'grey to' m'brDwn, grey parts slightly 
cDarser-grained, SDme patches with 
spher. Dverprinting 
minDr large vesicles (<<1%) lined with 
sec. min. (IDW 6, R.I.>M.M.); spher. 
grDwth in Gm adjacent to. vesicles 
also. small (,....,0.4 mm in 0) vesicles(?) 
cDmpletely filled with fine-fibrDus, radi-
ating cristDbalite 
main part Df thin sectiDn: fresh glass, 
l'grey due to. multitude Df micrDlites; 
glass is slightly vesicular (almDst circu-
lar to. slightly elDngated vesicles) 
lllicrolites: slender needles 10-20 /-Lm 
IDng, minDr equant prisms (6- to. 8-
sided, 6-10 /-Lm across); DccasiDnally 
flDW aligned 
to. bDth sides Df grey glass: breccia-like 
pumiceDus mat., cDnsisting Df cDIDurless 
glass (micrDlite-pDDr), vesicles and frag-
ments Df Pc's and lithics 
fresh cDIDurless glass, pumiceDus with 
abundant highly elDngated vesicles; cDI-
lapsed and elDngated vesicles give flDW 
appearance 
very rare microlites (slender needles, 
<20 /-Lm IDng) 
Relllarks 
in bDth vesicle types also. rare brown 
to' black needles (fresher in large 
vesicle); in small vesicles these nee-
dles tend to' be disintegrated 
at edges Df Dne qu spherulitic grDwth 
(same type as in small vesicles) 
*descriptiDn Df Pc's applies to. thin 
sectiDn part Df grey glassy matrix 
pumiceDus breccia: X-fragments 
cDnsist Df same minerals Dccur-
ring as Pc's, cDncentratiDn is much 
higher; lithic fragments include grey 
glass, spher. devitr. lithics «4 mm 
IDng) , and cDIDurless glass; vesicles 
are spherical to. highly elDngated 
margin between prDminent grey 
glass and pumiceDus breccia matrix 
is sharp 
Sample 
TW-8 
TW-9 
TW-IO 
Phenocrysts 
plag: eu- to anhedral, minor fragments; minor tw., strong 
zon. (see TW-7), as glomer. aggr.'s (indicating complex 
fracturing, synneusis? and corrosion history), incl. mt; 
max. 2043 mm long 
qu: eu- to subhedral, rounded and (deeply) embayed; two 
types?; some internally shattered; max. 2.38 mm long 
bio: euhedral, minor fracturing or bending; slightly altered 
(opaquish rim, and along cleavage) or almost completely 
replaced; m'(olive-)brown to d'red-brown pleo.; glomer. 
aggr. 's with mt; incl. mt and plag; max. 1.69 mm long 
mt: euhedral (six-sided), some are rounded at edges; up 
to 0.79 mm long 
plag: eu- to subhedral, some in glomer. aggr. 's (+all other 
Pc's), some as fragments; minor tw., common normal zon. 
(reverse and oscillatory intervals, some with strong corro-
sion early on in growth history); minor sieve textures; max. 
3.06 mm long 
qu: eu- to subhedral, some as fragments; commonly em-
bayed and rounded; max. 2.19 mm long 
bio: m'brown and olive-green to d'(red-) brown pleo., some-
times patchy coloured; euhedral (to subhedral); minor 
bending or fracturing; some slightly altered (small opaque 
rim); incl. mt; max. 1.01 mm long 
mt: euhedral (4- to 6-sided); minor rounding at edges; 
some irregularly shaped grains; max. 0.78 mm long 
plag: sub- to anhedral, often as rounded fragments; minor 
tw., common complex zon.; incl. mt; some glomer. aggr.'s; 
max. 1.24 mm long 
qu: subhedral, often as rounded and embayed fragments; 
max. 1.18 mm long 
opx: slightly pleo. (I 'pink to l'gree, almost colourless); 
euhedral (to subhedral); incl. mt+apa; slight yellow-brown 
stained; 2V L "'-'50-55°, 6=0.022; max. 1.29 mm long 
mt: euhedral (6-sided) to subhedral (rounded and ± irreg-
ular in shape); max. 0.78 mm long 
Pc % 
14.8 
10.9 
1.3 
004 
12.9 
804 
1.9 
004 
3.8 
1.3 
1.2 
0.2 
Groundmass 
patchy m'grey and brown coloured; 
completely devitr. to polygonal mo-
saic of small spher.'s (on average 0.1-
004 mm in 0); fibres are rather coarse 
«10 pm thick, generally :::;1-2 pm) 
few larger (although relict) spher.'s: 
grey and d'brown concentrically zoned, 
often at Pc-edges, but also in Gm; on 
average 0.7 mm in 0; with dendritic 
hem(?) branches 
grey to m'brown patchy Gm showing 
good f.1.; completely devitr.: felsitic, 
very rare small spher. 's 
esp. in C.P.L. multitude of small 
strongly flow aligned (fsp-) microlites 
("'-'20 pm long) 
minor elongated vesicles ("'-'0.2 mm 
long) lined with slightly rounded hexag-
onal plates (colourless, low 6 --+ tri?) 
l'grey to dark'grey, very patchy with 
overall f.l. showing good folds; com-
pletely felsitic devitr., very rare tiny 
spher.'s 
small elongated vesicles in centres of 
l'grey patches are lined with hexagonal 
colourless plates and elongated blades 
(all: R.I.>M.M.); some vesicles are 
completely filled giving coarse spher. 
appearance (=> alunitisation ?) 
Remarks 
no flow layering visible 
no evidence of microlites 
general flow alignment of esp. plag 
and minor bio XX 
thickness of thin section is c. 0.04 
mm 
includes xenolite: m'grey, well 
rounded, completely devitr. with Pc 
fragments of plag+qu+opaques (all 
<0.15 mm), no reaction rim 
Sample 
TW-ll 
TW-12 
TW-13 
Phenocrysts 
plag: eu- to subhedral; rounded, fractured; minor tw.; zon.: nor-
mal with reverse and osci1. intervals, some strongly corroded 
cores); some glomer. aggr.'s (+mt+bio); max. 2.29 mm long 
qu: eu- to subhedral, good rounded and embayed (deep and nar-
row); some rounded fragments; max. 2.00 mm long 
bio: olive-green and l'brown to d'(red-)brown pleo., euhedral (to 
subhedral), inc1. mt, some glomer. aggr.'s; max. 1.17 mm long 
mt: euhedral (4- to 6-sided), slightly rounded; also irregularly 
shaped patches; max. 0.8 mm long 
opx: subhedral, good rounded, very slightly pleo. (l'green to 
l'pink); 2V L ",45-50°, 15=0.021; max. 0.38 mm long; three XX 
ho: eu- to subhedral, slightly rounded; also fragments; m'brown 
to d'brown pleo., inc1. mt, max. 0.35 mm long; two XX 
plag: same characteristics as before (TW -11); minor sieve tex-
tures; inc1. mt; max. 5.82 mm 
qu: eu- to subhedral, rounded, embayed; as fragments; some in-
ternally chattered; many rimmed by fibrous colourless min. (cri?); 
max. 2.72 mm long 
bio: eu- to anhedral (fragments or corroded), olive- green and 
m'brown to d'(red-)brown pleo.; inc1. mt; slightly to almost com-
pletely opaquish altered; max. 0.99 mm long 
mt: subhedral (commonly rounded) and irregularly shaped; max. 
0.68 mm long 
plag: eu- to subhedral, minor fracturing and rounded edges, often 
as glomer. aggr.'s (+bio); minor tw.; often complex zon.; minor 
sieve textures; inc1. mt+bio; max. 2.36 mm long 
qu: eu- to subhedral (some fracturing and generally slightly 
rounded); some internally shattered; max. 2.49 mm long 
bio: eu- to subhedral (some fracturing or openings); olive-green 
and l'brown to d'(red-)brown; inc1. mt, plag, and ilm(?); max. 
1.31 mm long 
mt: euhedral (six-sided) to subhedral (rounded or fractured); 
inc1. plag?; max. 0.55 mm long 
ho: subhedral (resorbed) basis section; l'brown to d'brown pleo.; 
1.03 mm long, one XX 
Pc % Groundmass 
13.9 
8.6 
1.0 
0.3 
tr. 
tr. 
10.4 
9.2 
1.1 
0.3 
12.7 
9.1 
1.2 
0.4 
tr 
l'grey with plenty m'brown round to 
elongated patches (very faint spher. 
growths); completely devitr.; plenty 
small round aggr.'s (",20-30 /-Lm in 
0; sweeping ext.), when larger are 
composed of colourless spher. fibres 
(cri?); also skeletal plag micro-Pc's 
minor apa: up to 0.1 mm long 
patchy l'grey to d'grey, although a 
general coarse f.1. is present; charac-
teristics are the same as in previous 
section (TW -11) 
rare rounded, slightly elongated 
vesicles; no sec. min. 
fresh, colourless pumiceous glass 
with highly elongated vesicles; has 
few needle-like microlites (average 
10-15 /-Lm long) 
commencing devitr.: very few 
m'brown spher.'s nucleated at Pc's 
(max. 0.4 mm in 0; <1%) 
Remarks 
betw. several Pc's or adjacent to 
Pc's: pumiceous texture is pre-
served (parallel oriented, highly 
elongated vesicles); no sec. min. 
few Pc's embedded in l'grey 
well rounded 'xenolithic' matrix: 
completely felsitic devitr.; no re-
action rim 
qu Pc's also completely or 
partially rimmed by colourless 
spher. min. (cri?, up to 30 /-Lm 
thick 
lacks pumiceous character as 
seen in TW-11 
small spher. rim around qu-
Pc's seems to be thicker around 
smaller grains «60 /-Lm); rarely 
plag Pc's with spher. rim 
Sample 
TW-14 
II lin. 
TW-14 
..1 lin. 
TR-l 
TR-2 
Phenocrysts Pc % Groundmass 
plag: eu- to subhedral, slightly rounded and fragmented; often as 12.1 thin section is divided equally into 
glomer. aggr.'s (+bio+mt), inc1. mt+bio; minor tw.; unzoned and zoned two types of fresh glass: colourless 
(complex with normal trend); minor sieve textures; max. 2.64 mm long and l'grey (due to larger amount of 
qu: eu- to subhedral, often well rounded, and fractured; max. 2.26 mm 8.9 microlites) 
long (two types?) colourless glass: few microlites 
bio: eu- to subhedral, minor rounding, fracturing, or bending; l'(olive- 1.0 (max. 40 /Lm long), typo pumiceous 
)brown to d'(red-)brown pleo.; inc1. mt; max. 1.69 mm long l'grey glass: higher degree of flat-
mt: euhedral (six-sided), minor rounding or irregularly shaped; max. 0.3 tened and collapsed vesicles; mi-
0.57 mm long crolites very densely packed (,.....,10 
ho: subhedral, rounded and fragmented; l'brown to d'brown pleo.; ext. tr. /Lm long needles); a few m'brown 
L: 14°, 6=0.020; max. 0.19 mm long, not altered; three XX patches of commencing devitr. 
Pc's and their characteristics are the same as in TW-15 (II lin.); due to orientation of thin section no general f.1. 
plag: sub- to anhedral, commonly fractured and good rounded; some 9.4 
glomer. aggr.'s; unzone to zoned (overall normal trend); minor tw.; some 
sieve textured; inc1. mt; some sieve textures; max. 1.50 mm long 
qu: sub- to anhedral, commonly strongly rounded, embayed and frac- 7.5 
tured; also internally fragmented (undulatory ext.); max. 1.48 mm long 
bio: l'straw-brown to d'brown pleo.; euhedral, minor bending and frac- 0.9 
turing, often splitted; inc1. mt; max. 0.84 mm long 
mt: eu- to subhedral (slightly rounded), commonly six- sided; max. 0.49 0.3 
mm long 
ho: m'brown to d'brown pleo.; (sub- to) anhedral; slight opaquish alt.; tr. 
max. 0.29 mm long fragments 
plag: eu- to subhedral; slightly rounded or fragmented; some glomer. 10.9 
aggr.'s; minor tw.; unzoned and zoned (strongly with complex growth 
history: corrosion, incorporation of zoned plag's, osci1.); inc1. mt; max. 
2.64 mm long 
qu: euhedral, slightly rounded; with minor embayments (rather deep) 7.1 
and fractures; max. 2.26 mm long 
bio: l'straw-brown to d'brown pleo., fresh and euhedral (although often 1.2 
splitted, minor bending), inc1. mt; max. 0.88 mm long 
mt: euhedral (4- and 6-sided); slightly rounded; max. 0.66 mm long 0.3 
ho: m'brown to d'brown and l'brown to m'brown pleo., subhedral tr. 
(rounded and fragmented), slightly opaquish alt.; max. 0.80 mm long; 
6 ,.....,0.023, ext. L 13° 
vesicular fresh colourless 
glass, partly spher. devitr. 
(glass:spher. 's=70:40); spher. 
devitr. is arranged in thin bands 
giving appearance of strong f.1. 
glass contains numerous needle-like 
microlites (on average 10 /Lm long), 
which are strongly flow aligned 
spher. devitr.: as spheres in glass 
matrix or highly elongated (almost 
axiolitic), with colour zon.; with 
thin colourless spher. rim 
same characteristics as in previous 
sample (TR-1), but with more de-
vitro (glass:spher. 's=20:80) 
some vesicles or openings in spher.'s 
may also have minor colourless slen-
der prisms (R.I. <M.M.); hexagonal 
cri plates(?) up to 70 /Lm in 0 
Remarks 
small felsitic devitr. mar-
gin betw. the two glasses, 
irregularly shaped; Pc's 
and their characteristics 
are the same in both 
glasses, 
accessory apa in both 
glasses, 
generall flow alignment of 
plag+bio Pc's 
vesicles are irregular in 
shape and show no sec. 
miner.; walls of open 
spher.'s are occassionally 
lined with cri(?) 
bio Pc's are generally flow 
aligned 
occasionally also bio Pc's 
in vesicles 
Sample 
TR-3 
TR-4 
TR-9 
Phenocrysts 
plag: eu- to subhedral, often rounded and fragmented; some 
glomer. aggr.'s (+bio+mt); incl. mt; minor tw., unzoned and 
strongly zoned (complex pattern); minor sieve textures; max. 2.30 
mm long 
qu: euhedral, generally rounded and embayed; minor fracturing; 
max. 2.47 mm long 
bio: l'brown to d'brown pleo., euhedral (minor rounding, split-
ting, or bending); incl. mt; max. 0.81 mm long 
mt: euhedral (six-sided) and irregularly-shaped (also corroded); 
max. 0.55 mm long 
ho: slightly pleo. (l'brown to m'brown); sub- to anhedral (frag-
ments); max. 0.4 mm long 
plag: eu- to anhedral (strongly rounded, as fragments); some 
sieve textures; minor tw.; unzoned and strongly zoned (complex 
pattern); minor glomer. aggr.'s (+bio+mt); incl. mt; max. 2.64 
mm long 
qu: eu- to subhedral; commonly rounded and embayed; minor 
fracturing and internally shattered; max. 2.22 mm long 
bio: euhedral, minor fracturing, bending or splitting; l'brown to 
d'brown pleo., fresh, incl. mt; max. 0.88 mm long 
mt: euhedral (six-sided) and irregularly shaped patches; max. 
0.87 mm long 
ho: subhedral (two fragmented basis sections); slightly pleo. 
(l'brown to slightly m'brown); max. 0.57 mm long 
plag: sub- to anhedral, rounded, embayed (corroded), strongly 
fractured; strongly zoned (normal with reverse or oscil. intervals); 
incl. mt; some glomer. aggr.'s; max. 2.68 mm long 
qu: (eu- to) subhedral; commonly rounded, embayed and frag-
mented; max. 1.69 mm long 
bio: euhedral (to subhedral), almost completely replaced (no 
pleo., faint interference fig.); max. 1.24 mm long 
mt: euhedral and also irregularly shaped; max. 0.68 mm long 
ho: slightly pleo.; subhedral (fragments, rounded); small opaque 
alt. rim; max. 0.76 mm long 
Pc % Groundmass 
10.5 
8.1 
1.1 
0.4 
tr. 
12.1 
7.9 
1.0 
0.3 
tr. 
13.9 
8.2 
1.4 
0.3 
tr. 
completely spher. devitr.: polygo-
nal mosaic of l'brown and m'brown 
spher.'s, all with fine opaque 
branches; largest spher.'s are 1.4 
mmin 0 
fresh l'grey pumiceous glass; vesicles 
vary from almost spherical to highly 
elongated 
slight differences in grey shade of 
glass: due to difference in microlite 
density; microlites vary across sec-
tion: from strongly parallel aligned 
slender prisms (1-5 /-Lm long) to 
opaque spider-like microlites(,....., 10 
/-Lm across) 
fresh l'grey pumiceous glass with 
abundant vesicles (slightly to 
strongly elongated), l'grey colour 
of glass due to abundant minute 
microlites (slender needles; 1-5 /-Lm 
long; strongly flow aligned) 
Remarks 
one strongly corroded aggr. of 
plag with nucleation of numerous 
small four-sided prisms (also fsp) 
which extinguish in an oriented 
way 
very rare brown spher.'s at Pc 
edges 
bio Pc's occur often in vesicles 
(attached with one or both ends 
to the vesicle walls) 
Sample 
TR-IO 
TR-ll 
TR-12 
Phenocrysts Pc % 
plag: eu- to subhedral; rounded and fragmented, some internally 11.8 
shattered; minor sieve textures; some glomer. aggr. 's; strongly 
zoned; incl. mt; max. 2.45 mm long 
qu: eu- to subhedral, rounded, embayed and often internally shat- 7.4 
tered; max. 2.26 mm long 
bio: euhedral, minor rounding, bending, fragmenting or splitting; 1.5 
p'brown to d'brown pleo.; incl. mt; max. 0.88 mm long 
mt: both euhedral (six-sided) and irregularly shaped; max. 0.76 0.4 
mm long 
ho: p'brown to l'brown pleo., very thin opaque alt. rim; subhedral tr. 
(fragmented); max. 0.68 mm long 
plag: eu- to subhedral, slightly rounded or fragmented; sieve 13.9 
textured (with microlites and spher.'s in glass); minor glomer. 
aggr.'s; minor tw.; strong zonation (normal trend); max. 2.72 
mm long 
qu: eu- to subhedral (rounded, fragmented); commonlyembayed; 7.5 
max. 1.92 mm long 
bio: euhedral, minor as fragments or splitted; l' (olive-) brown to 1.0 
d'brown pleo.; some glomer. aggr. 's (+mt+plag); incl. mt+plag; 
max. 2.11 mm long 
mt: both euhedral (six- and four-sided) and irregularly shaped 0.3 
(+zir); max. 0.92 mm long 
ho: subhedral (fragmented, rounded); l'brown to d'brown pleo.; tr. 
max. 2.38 mm long 
plag: eu- to subhedral (minor fracturing, rounding), minor sieve 11.7 
textures and tw.; commonly zoned (often complex); as glomer. 
aggr.'s; incl. mt; max. 3.37 mm long 
qu: euhedral (to subhedral); commonly rounded and embayed, 6.9 
minor internally shattered; max. 2.64 mm long 
bio: euhedral (slightly rounded, splitted, or kink- bended); 2.6 
l'(olive-)brown to d'brown pleo.; incl. mt; some as glomer. aggr.'s; 
max. 1.26 mm long 
mt: euhedral (six- and four-sided), also as irregular patches; max. 1.0 
0.49 mm long 
Groundmass 
fresh colourless pumiceous glass; 
abundant (highly) elongated and 
collapsed vesicles; glass is often frac-
tured; contains minor tiny red blobs 
(hem?; probably giving red colour to 
glass in handspecimen) 
fresh colourless pumiceous glass; 
(highly) elongated and collapsed 
vesicles give flow appearance; only 
minor microlites (slender prisms, 
some skeletal, ,...., 1-5 11m long) 
commencing spher. devitr. «1%): 
small m'brown spher.'s in glass and 
at edges of Pc's (max. 0.19 mm 
in 0), slightly concentrically zoned, 
with opaque dendritic branches 
fresh colourless pumiceous glass; 
highly vesicular (rounded to elon-
gated to collapsed vesicles, giving 
flow appearance); glass is microlite-
poor (slender prisms, ,....,1-6 11m 
long), with tiny opaque blobs 
Remarks 
general parallel alignment of bio 
Pc's 
many vesicles are line with 
opaque rim (grinding powder?) 
Sample 
TR-13 
TR-14 
II lin. 
TR-14 
J.- lin. 
TR-15 
Phenocrysts Pc % Groundmass 
plag: eu- to subhedral; slightly rounded and some fragmented; some 12.3 
glomer. aggr.'s (+mt); minor tw., zon. (normal with reverse and 
oscillatory intervals, corroded cores); minor sieve textures; max. 2.42 
mm long 
qu: eu- to subhedral; slightly rounded and fragmented; some are 7.5 
embayed; incl. bio(?); max. 2.22 mm long 
bio: eu- to subhedral; minor fracturing and splitting; l' (olive-) brown 3.4 
to d'brown pleo.; incl. mt; max. 0.80 mm long 
mt: euhedral (six-sided) to irregularly shaped; max. 0.52 mm long 0.7 
ho: eu- to subhedral; l'brown to d'brown pleo.; rounded and frac- tr. 
tured; max. 0.68 mm long 
colourless fresh pumiceous glass; 
abundant vesicles (mainly highly 
elongated and collapsed) giving flow 
appearance; minor almost round 
vesicles 
plag: (eu-) to subhedral; as fragments or with plenty fractures, minor 14.2 completely spher. devitr.: orienta-
rounding; as glomer. aggr.'s (+mt+bio); strongly zoned (normal with tion ofaxiolitic spher. growth sug-
revers intervals, also corroded cores); minor sieve textures; incl. mt; gests former pumiceous glass; very 
max. 2.34 mm long rare round or ellipsoidal spher.'s; all 
qu: eu- to subhedral; rounded and embayed, fractured; max. 1.54 7.9 spher.'s are l'brown to m'brown; 
mm long parallel (flow) aligned microlites run 
bio: l'brown and m'brown to d'brown pleo.; euhedral, fractured or 0.8 through all spher. growth, but are 
splitted; incl. mt and plag; some glomer. aggr.'s (+mt); max. 0.88 altered (opaque), on average 10 11m 
~~ ~ 
mt: euhedral to subhedral (irregularly shaped); max. 0.42 mm long 0.2 minor elongated vesicles are partly 
ho: m'brown (minor blue-brown) to d'brown pleo.; with small tr. lined with colourless hexagonal 
opaquish rim; subhedral (fragments); max. 0.47 mm long plates of cri 
all characteristics are the same as in TW-14 (II lin.), although showing more round vesicles 
plag: euhedral (to subhedral); slight rounding and minor fractur- 10.1 
ing; rare sieve textures; some glomer. aggr.'s; incI. mt; strong zon. 
(normal with osciI. tendencies); max. 2.57 mm long 
qu: eu- to subhedral; rounded and embayed; minor fracturings; m~,x. 8.9 
1.88 mm long 
bio: euhedral; l'brown to d'brown pleo.; rare fracturing or splitting; 1.3 
incl. mt; minor as glomer. aggr.'s (+mt); max. 1.22 mm long 
Illt: euhedral (four- and six-sided); minor rounding; max. 0.39 mm 0.4 
long 
ho: l'brown to d'brown pleo., sub- to anhedral (fractured and tr. 
rounded); ext. L 15°; max. 0.41 mm long (fragments) 
fresh colourless pumiceous glass 
with abundant vesicles (highly elon-
gated and collapsed, minor more 
round vesicles) 
very rare microlites (slender prisms 
'" 1-5 11m long) 
beginning devitr.: occasional 
patches of m'brown aggr.'s of 
sheaf-like spher. 's; all with dendritic 
d'brown branches 
Remarks 
bio Pc's are generally parallel 
aligned 
bio Pc's are generally parallel 
(flow) aligned 
bio Pc's partly flow aligned 
Sample 
TR-16 
TR-17 
TR-19 
TR-20 
Phenocrysts 
plag: eu- to subhedral, minor rounding and fracturing; minor glomer. 
aggr.'s; strong normal zon.; minor tw.; incl. mt; max. 1.92 mm long 
qu: eu- to subhedral; rounded and slightly embayed, minor fractur-
ing; max. 1.52 mm long 
bio: euhedral, some are bended or fragmented; l'(olive- )green to 
d'brown pleo.; inc!. mt+plag; max. 1.14 mm long 
mt: euhedral (four- and six-sided); also as irregularly shaped patches; 
inc!. zir; max. 0.46 mm long 
Pc % 
15.2 
9.4 
1.2 
0.3 
Groundmass 
fresh colourless pumiceous glass; 
vesicles are highly elongated and 
collapsed; minor microlites (slender 
prisms, ",4-20 f.Lm long) 
commencing devitr.: "'1% l'brown 
spher.'s, either as single round 
spher. 's or along edges of Pc's; single 
spher.'s max. 0.38 mm in 0 
Remarks 
minor flow alignment of bio 
and plag Pc's 
welded, reddish oxidised breccia of various pumiceous fragments; pumiceous fragments consist of fresh colourless glass, not devitr., 
generally with collapsed and highly elongated vesicles; pumiceous fragments are 'cemented' by an orange-red-brown glass carrying 
smaller sized glass and Pc fragments; either homogeneous or with nearly circular vesicles; characteristics of Pc's in pumiceous frag-
ments or as fragments in oxidised breccia cement are the some as before (for plag, qu, and mt), although they are to a greater 
degree fractured; bio is altered (as in TR- 9), appears to be replaced 
plag: eu- to subhedral (as fragments, rounded); as glomer. aggr.'s 
(+mt+bio); zoned (normal, some osci!. intervalls); minor tw.; minor 
sieve textures; max. 2.64 mm long 
qu: eu- to subhedral (rounded and embayed; also as fragments); max. 
0.57 mm long 
bio: euhedral; minor fracturing and bending; l'(olive- )brown to 
d'brown pleo.; inc!. mt+plag; minor as glomer. aggr.'s; max. 0.92 
mm long 
mt: both euhedral (six-sided; max. 0.45 mm long) and as irregularly 
shaped aggr.'s (completely altered fsp's? -+ relictic patches of fsp in 
mt with uniform ext.); patches up to 1.9 mm across 
ho: l'brown to m'brown pleo.; subhedral (fragmented and rounded); 
two XX; 2V L ::::::90°, ext. L 17°; max. 0.57 mm long 
13.4 
7.9 
2.9 
0.5 
tr. 
plag: euhedral (to subhedral: minor fracturing and rounding); some 11.9 
glomer. aggr.'s (often sieve textured); minor tw.; strongly zoned 
(normal with osci!. intervals); max. 2.66 mm long 
qu: euhedral (to subhedral: fractured), commonly slightly rounded 8.0 
and (deeply) embayed; max. 2.26 mm long 
bio: euhedral (to subhedral: fractured), minor kink- bending; 3.1 
l'(olive-)brown to d'brown pleo.; inc!. mt; max. 0.78 mm long 
mt: euhedral (four- and six-sided); to a minor degree rounded; max. 0.4 
0.44 mm long 
fresh colourless pumiceous glass, 
abundant highly elongated 
and collapsed vesicles (vesi-
cles:glass=30:70); no microlites 
and no devitr.; vesicle elongation 
gives general flow appearance 
fresh colourless pumiceous glass 
with abundant (",14%) highlyelon-
gated and collapsed vesicles; no mi-
crolites 
commencing devitr.: rare m'brown 
spher. 's, either as individuals or at 
Pc edges, max. 0.38 mm in 0 
only small bio and plag Pc's 
show flow alignment 
only minor flow alignment of 
small bio and plag Pc's 
Sample 
TR-21 
TR-22 
TR-23 
Phenocrysts Pc % Groundmass 
plag: eu- to subhedral, rounded, minor as fragments; some 13.7 
glomer. aggr.'s; minor tw., zoned (normal; some with strongly 
corroded cores); sieve texture; max. 3.37 mm long 
qu: eu- to subhedral; well rounded and (deeply) embayed; minor 7.4 
as fragments; max. 2.07 mm long 
bio: euhedral; minor as fragments or kink-banded; l'(olive-)brown 4.1 
to d'brown pleo.; incl. mt; max. 1.23 mm long 
mt: euhedral (four- and six-sided); max. 0.44 mm long 0.5 
ho: subhedral (fragments, and rounded); m'brown to d'brown tr. 
pleo.; aggr.'s with bio; max. 1.22 mm long; two XX 
plag: eu- to subhedral (fragmented, slightly rounded); some 
glomer. aggr.'s (+bio+mt); minor sieve textures; minor tw.; zoned 
(normal, oscillatory intervals, corroded cores); incl. mt; max. 2.60 
mm long 
qu: eu- to subhedral; well rounded, deeply embayed; max. 1.88 
mm long 
bio: euhedral, some fragmented or slightly corroded; l'brown and 
l'olive-green to d'brown pleo.; incl. mt; max. 1.20 mm long 
mt: euhedral (four- and six-sided), also as irregularly shaped 
aggr.'s; max. 0.49 mm long 
plag: eu- to subhedral; rounded, as fragments; glomer. aggr.'s; 
minor sieve textures; strong zon. (normal, corroded cores and 
oscil. intervals); max. 3.75 mm long . 
qu: eu- to subhedral; well rounded and deeply embayed; as frag-
ments; max. 1.88 mm long 
bio: eu- to subhedral; as fragments or slightly corroded (esp. in 
glomer. aggr.'s together with mt); m'brown and m'olive-green to 
d'brown pleo.; small opaque alt. rim; max. 1.29 mm long 
mt: euhedral (mainly six-sided); minor as irregularly shaped 
patches or corroded (bio); max. 0.56 mm long 
12.9 
6.8 
1.0 
0.2 
11.8 
7.1 
2.1 
0.3 
partly spher. devitr. pumiceous 
glass (",,25% devitr.); colourless 
glass is fresh and contains no micro-
lites 
three types of spher. growth: dom-
inant m'brown irregularly shaped 
patches with sheaf-like spher.'s; mi-
nor grey-l'brown halfspheres on Pc 
edges; minor l'brown halfspheres nu-
cleated at edges of m'brown spher. 
patches 
completely spher. devitr.; polygonal 
pattern of l'brown-l'grey spher.'s 
spher. 's: concentrically zoned, all 
with red dendritic hem branches; 
max. 2.70 mm in 0 
no evidence of microlites 
completely spher. devitr. (see TR-
22) but with slight flow banding due 
to elongated and axiolitic spher.'s 
",,50-60% of spher.'s are bleached 
or subsequently silicified to l'grey 
sheaf-like spher.'s, 
occasional voids within spher.'s 
filled with cri+san(?) 
Remarks 
different spher. growths are gen-
erally separated by small colour-
less spher. rim 
all mafic min. (bio, mt, ho) 
show a small rim of not-devitr. 
glass whereas at plag and qu Pc's 
devitr. commences right at X-
edges 
openings in spherulitic growth 
are filled with cri+san (?) 
one large aggr. of plag+bio±mt 
in patchy and corroded inter-
growth 
no apparent flow layering 
one vesicle with numerous slen-
der blades of amph?: green-blue 
to straw-brown pleo., ext. L ",,0 ; 
biaxial negative?; up to 0.33 mm 
long 
Sample 
TR-24 
TC-l 
T-8 
Phenocrysts Pc % 
plag: eu- to subhedral (fragments); slightly rounded and cor- 13.0 
roded; strong zon. (normal, corroded cores, oscil. intervals); mi-
nor tw.; incl. mt; some glomer. aggr.'s; max. 2.65 mm long 
qu: euhedral; well rounded, deeply embayed; minor as fragments 7.4 
or internally shattered (patchy ext.); max. 2.27 mm long 
bio: euhedral; minor as fragments or splitted apart; m'brown and 2.3 
olive-green to d'brown pleo.; glomer. aggr.'s (+mt); max. 1.20 
mm long 
mt: euhedral (six-sided), also as irregular patches (esp. in glomer. 0.4 
aggr.'s with bio); max. 0.56 mm long 
plag: eu- (slightly rounded) to subhedral (fragmented and cor- 13.9 
roded); some glomer. aggr.'s; strong zon. (normal, corroded cores 
or zones in-betw.); incl. mt; max. 2.07 mm long 
qu: eu- to subhedral; well rounded, deeply embayed; some in- 6.2 
ternally shattered (patchy ext.), or as fragments; max. 1.92 mm 
long 
bio: euhedral (rare fragments or splitted); l'brown and olive-green 1.9 
to d'brown pleo.; incl. mt+plag; max. 1.34 mm long 
mt: euhedral (generally six-sided); max. 0.47 mm long 0.3 
ho: one fragment, 0.76 mm long; l'brown to d'brown pleo.; tr. 
6=0.024 
plag: (euhedral) sub- to anhedral, often as fragments and well 15.2 
rounded; internally fractured with red-brown staining; minor sieve 
textures; minor glomer. aggr.'s; incl. mt; max. 2.79 mm long 
qu: (eu- to) subhedral; well rounded, deeply embayed, as frag- 7.8 
ments, internally fractured; max. 2.11 mm long 
bio: euhedral (to subhedral: minor as fragments); l'brown and 2.3 
olive-green to d'brown pleo.; minor bending; incl. mt; max. 1.65 
mm long 
mt: both euhedral (generally six-sided) and as irregularly shaped 0.5 
patches; max. 0.49 mm long 
ho: two single XX and some more in centre of glomer. aggr. of tr. 
plag and mt; l'brown to d'brown pleo.; subhedral (fragments and 
rounded); 2V L "'900 , ext. LlO°, 6=0.025 
Groundmass Remarks 
fresh colourless highly pumiceous 
glass; highly vesicular with abun-
dant tiny vesicles (often irregu-
larly oriented); glass contains plenty 
opaque blobs «1 /-lm in 0) 
glass:vesicles=60:40 
fresh colourless pumiceous glass 
with abundant collapsed vesicles, 
rare round or slightly elongated vesi-
cles; no microlites 
fresh colourless pumiceous glass; 
vesicles are generally collapsed; 
glass:voids 80:20; no microlites 
general flow alignment of smaller 
bio and plag Pc's 
D.7 Microscopic sample description, Gebbies Pass, Banks Peninsula 
All rhyolite samples from Gebbies Pass show the same phenocryst characteristics and abundance. Therefore, the microscopic description is restricted to texture 
characteristics. Phenocrysts are mainly eu- to subhedral quartz (:S5 modal-%, max. 2.3 mm long) and minor subhedral alkali-feldspar (:S1 modal-%; max. 1.6 
mm long, often sieve-textured) and to various degrees altered, subhedral biotite. 
Sample 
BP-CH-4 
BP-CH-5 
BP-CH-6 
BP-CHE-l 
BP-OH-2 
BP-OH-3 
BP-OH-4 
BP-OH-6 
Groundmass 
spherulitic to axiolitic, spherulites and axiolites are up to 90 p,m in diameter Ilong; spherulites occasionally up to 0.27 mm in diameter; 
very good flow layering marked by parallel axiolitic planes and black staining at axiolite rims; tiny highly stretched vesicles (parallel to flow 
layering) lined with qu plates and fsp laths (up to 85 p,m long, 10 p,m wide) 
spherulitic to axiolitic, pronounce flow layering defined by axiolitic planes; between axiolitic flow planes colourless spherulites (max. 0.23 
mm in diameter, fibres <1 p,m thick); interstices filled by l'grey spherulites with fibres up to 2 p,m thick; highly stretched voids lined with 
qu plates (40times40 p,m) and fsp laths (90x20 p,m) and brown-black staining in centre; rare slender, opaque microlites (strongly corroded, 
disintegrated to strings, max. 20 p,m long) are parallel aligned and run through spherulites 
spherulitic, flow layering defined by axiolitic planes (max. 0.2 mm thick), in places transition to poikilitic texture; also felsitic bands; between 
flow layers polygonal mosaic of small spherulites (max. 0.12 mm in diameter); rare polygonal mosaic of qu (0.07-0.08 mm in diameter) 
spherulitic with thin parallel axiolitic (minor felsitic) bands; colourless spherulites (max. 0.15 mm in diameter) in matrix of m'grey spherulites 
with fibre thicknesses of up to 2p,m; abundant strongly corroded microlites (streak-like, opaque; max. 70 p,m long, 2 p,m thick) 
colourless glass, perlitic (max. 1.8 mm across, many 'shells'); abundant microlites: slender opaque (max. 10 p,m long) with perpendicular 
branches (prisms 2 x :S 1 p,m), generally strongly parallel aligned; in some layers with trichitic tendencies 
felsitic to poikilitic, gradation between the two, minor axiolitic bands (max. 10 p,m thick); pronounced flow banding 
identical to BP-OH-2, but with trichitic microlites ('spider'-like; ",10 p,m in diameter) 
felsitic to spherulitic (max. 50 p,m in diameter), few axiolitic bands 
tIl 
:> 
z 
::>:: 
[JJ 
'U 
i:'J 
Z 
Z 
[JJ 
C 
t"' 
:> 
:t 
00 
D.S Microscopic sample description, Mt. Somers Volcanics 
Sample 
MS-l 
MS-2 
MS-3 
Phenocrysts 
san: eu- to subhedral; some embayed; no twinning; max. 2.6 mm long 
plag: eu- to subhedral, some embayed; twinned and untwinned; An~20; 
commonly zoned; often as glomer. aggr.; max. 2.64 mm long 
qu: eu- to anhedral, sometimes embayed; max. 1.5 mm in 0 
gt: rounded, subhedral; generally with fibrous alt. rim; often with in-
ternal mesh structure; max. 1.33 in 0 
bio: as small flakes, often as aggr.; max. 0.27 mm long 
san: an- to subhedral, often well-rounded and embayed; minor as glomer. 
aggr. together with plag; up to 3.75 mm long 
plag: an- to subhedral, rounded and sometimes embayed; mainly 
twinned, minor zoned; often as glomer. aggr.; up to 3 mm long 
qu: an- to subhedral, rounded, embayed; up to 1.6 mm long 
gt: greenish (altered?), often sub- and rounded, internally corroded and 
with fibrous alt. rim; often in glomer. aggr. with plag and assoc. with 
opaques; up to 0.84 mm long 
san: unzoned and not twinned; generally euhedral, rounded at edges; 
some large Pc's are internally corroded; up to 4.00 mm long 
plag: generally eu- to subhedral; commonly tw.; often as glomer.; incl. 
ilm, mt and bio and gt (? orange- red, isotropic); up to 2.26 mm long 
(see remarks) 
gt: orange-reddish (altered?), usually with fibrous alt. rim, also inter-
nally replaced; incl. often opaques; max. 0.94 mm in 0 
qu: only minor; subhedral, rounded at edges; max. 0.88 mm in 0 
Pc % Groundmass 
5 
2.5 
2.5 
0.5 
«1 
6.4 
2.2 
0.9 
0.4 
7.2 
4.8 
«1 
felsitic; mosaic of qu+fsp XX (X 
::;2 pm); patches and veins of 
coarser crystallised qu (max. 0.1 
mm in 0; qu forms good polygo-
nal pattern in these patches; oc-
casionally zir and apa: up to 60 
pm in length; minor opaques: up 
to 0.15 mm in 0, granular 
microcrystalline (felsitic); mo-
saic of qu + fsp XX (::; 2pm in 
0); minor patches as in MS~ 1 
traces of opaques (max. 0.4 
mm long; granular), bio (max. 
0.25 mm long), apa (max. 0.3 
mm long) and zir (max. 0.1 mm 
long) 
microcrystalline (felsitic); mo-
saic of qu+fsp; only minor 
fsp( +qu) XX slightly larger 
(",0.1 mm); along fracture net-
work a ",0.5 mm wide orange-
brown band of starting alt. 
traces of bio (max. 0.2 mm 
long), apa (max. 0.06 mm) and 
zirc 
Remarks 
no preferred orientation of 
phenocrysts; porphyritic tex-
ture; no evidence of lithic 
fragments; all phenocrysts 
are fractured, whereby frac-
tures often continue into 
groundmass 
large plag Pc's (> 4 mm long) 
in situ shattered in many 
small squares: in interstices 
mainly orange-reddish mate-
rial and minor bio flakes 
Sample 
MS-4 
MS-5 
MS-6 
Phenocrysts Pc % 
san: subhedral, good rounded, some fragmented; no zon. and 6.9 
tw.; parallel set of slightly curved fractures (no consistent ori-
entation across thin section); larger Pc's incl. smaller Pc's of 
san+plag+apa+bio+opaques+gt?; 4.7+ mm in length 
plag: eu- to subhedral, some fractured and rounded; often as glomer. 4.6 
aggr.; incl. plag+qu+opaques; max. 5.25 mm long (than internally 
shattered and slightly alt.) 
qu: eu- (bipyramidal) to subhedral, often well rounded, some embayed; 1.4 
max. 1.8 mm in 0 
gt: greenish-orange to orange-reddish; often with mesh structure, only 0.5 
thin alt. rim; incl. often opaques + sec.? fsp; max. 1.33 mm in 0 
opaques: equidimensional grains and elongated patches, often irregular «:1 
in outline (assoc. with alt.); max. 0.46 mm long 
san: eu- to subhedral, often rounded and fractured; some larger XX 
internally alt. (with growth of fsp, qu, bio); incl. zir; max. 4.61 mm 
long 
plag: eu- to subhedral, some fragmented, often complex zon., complex 
tw., often as glomer. aggr. (+gt+qu+opaques), max. 5.08 mm long 
(than internally altered and mineral growth (same as san)) 
qu: (eu- to) subhedral; commonly good rounded; max. 2.07 mm in 0 
gt: bright orange-red; equidimensional to slightly elongated; some with 
mesh structure; only very thin alt. rim; incl. fsp( +qu?); max. 2 mm 
long (see remarks) 
opaques: needle-like (ilm) and equidimensional (mt) patches; max. 0.7 
mm long/in 0 
san: subhedral, often rounded, fragmented, embayed or corroded, some 
sieve textured, no zon. and tw., incl. san+plag, max 3.22 mm long 
plag: eu- to subhedral, often slightly rounded, minor embayed or frag-
mented; some with complex zon., simple to complex tw.; An28-40; often 
as glomer. aggr.; max. 3.2 mm long 
qu: subhedral, well rounded, some embayed; some with very small rim; 
max. 1.76 mm in 0 
gt: light grey-brown; subhedral, often rounded and corroded, commonly 
completely replaced by opaquish or fibrous mat.; max. 1.56 mm long 
6.2 
6.2 
1.9 
1.3 
«:1 
5.9 
4.9 
1.5 
«:1 
Groundmass 
felsitic: mosaic of prob. qu+fsp 
«1 pm); few patches of coarser-
grained qu as polygonal mosaic 
traces of apa (max. 0.1 mm 
long); zir (max. 0.05 mm in 0), 
and alt. min.? (high relief, high 
8, straight ext.; max. 0.27 mm 
long; in Gm and in fsp-Pc's) 
orange and pale-reddish alt. 
bands of several mm width 
throughout thin section 
felsitic; general alt.: slight 
yellowish- brownish staining, in 
CPL fine high birefringent fi-
bres throughout; ca. 5% of Gm 
is coarser cryst. [transition to 
(micro )-Pc's 1 
traces of zir (max. 0.27 mm 
long), apa (max. 0.1 mm long) 
and allanite (small grains, very 
high relief and 8) 
felsitic with patches of coarser 
grained qu+fsp; patches often as 
small lenses (polygonal mosaic of 
qu+fsp), ± II aligned; Gm ap-
pears £.l. 
traces of bio (max. 0.5 mm), zir 
(max. 0.11 mm), apa (max. 0.14 
mm) and Hm (max. 0.1 mm) 
Remarks 
in Gm some slightly altered 
needle-like XX (max. 60 pm 
long), yellowish and without 
defined crystal borders (dis-
saluted; former microlites?) 
no alignment of Pc's, no lithic 
fragments 
irregular patches similar to gt 
occur within other Pc's, along 
fractures and in interstices 
between Pc's, also irregular in 
centre of aggr. (small fsp+qu 
XX) 
Pc's are flow aligned (altough 
not pronounced); no lithic 
clasts 
Sample 
MS-7 
MS-8 
MS-9 
MS-IO 
Phenocrysts 
san: subhedral, often as angular fragments, some rounded, some embayed, no zon., 
some incl. small san; max. 3.4 mm long 
plag: eu- to subhedral, some embayed, larger Pc's strongly sieve textured; II set of 
slightly curved fractures (often filled with fibrous alt. mat.); max. 4.13 mm long 
qu: subhedral, well rounded, often embayed; max 1.69 mm long 
ilm needles, max. 0.84 mm long; ± equidimensional mt grains, max. 0.4 mm in 0 
san: subhedral; often rounded, fragmented, and/or embayed; no zon. and tw.; one 
set of slightly curved fractures (filled with a fibrous alt. mat.); max. 3.21 mm long 
plag: sub- to anhedral; often rounded, some fractured; minor normal zon.; complex 
tw.; often as glomer. aggr.; max. 2.64 cm long 
qu: eu- to subhedral, well rounded, often embayed; max. 1.88 mm long 
opaques: ilm needles (max. 0.46 mm long); mt as granules up to 0.4 mm in 0 or as 
irregular patches of about same size 
san: eu- to subhedral; often as angular fragments or slightly rounded; no zon. and 
tw.; slightly curved II fractures; incl. san+plag+bio( +gt?); max. 4.3 mm long 
qu: eu- (bipyramidal) to subhedral; often well rounded, some embayed; max. 1.4 mm 
in 0 
plag: eu- to subhedral, rounded, some embayed; some as glomer. aggr., An~29; max. 
2.07 mm long 
gt: pale green, bright orange red to red; euhedral; often fractured; fresh with small 
fibrous alt. rim to completely replaced; incl. opaques+fsp(?), max. 0.94 mm in 0 
opaques: ilm needles (max. 0.94 mm long, slightly rounded terminations); mt as 
rounded equidimensional granules ",0.7 mm in 0 
san: subhedral, often rounded and deeply embayed; some fragmented; set of II frac-
tures (slightly curved, filled with fibrous material); another fracture set filled with 
with qUi max. 3.37 mm long 
qu: eu- to subhedral, good rounded, some embayed; max. 2.3 mm long 
plag: sub- to euhedral; often fragmented and rounded, also embayed; no and complex 
tw.; often as glomer. aggr. (+other Pc's); max. 2.26 mm long 
gt: greenish-yellowish-orange; euhedral, rounded, fresh to completely alt. (often bio 
flakes radiating outwards); incl. opaques; max. 0.9 mm in 0 
bio: as small flakes up to 0.45 mm long; individual in Gm (± locally flow aligned) or 
as alt.(?) of gt radiating into matrix 
minor Hm and mt (max. 0.4 mm long/in 0) 
Pc % 
8.1 
7.4 
2.9 
«1 
6.6 
6.0 
3.3 
«1 
8.4 
3.4 
3.4 
«1 
«1 
15.5 
7.8 
6.2 
1.6 
«1 
Groundmass 
felsitic; micro-Pc's of fsp 
and ilm; many small 
opaque granules (::;10 JLm 
in 0; gives relat. dark Gm 
colour); elongated patches 
giving flow appearance 
felsitic; frequ. coarser-
grained fsp+qu (ca. 30 
JLm across) and opaques 
( ca. 10 JLm across); grey 
shades define flow banding 
around Pc's; traces of zir 
(max. 0.05 mm long) 
felsitic with many coarser-
grained patches (",20 JLm 
in 0) of qu+fsp; brownish 
alt. bands along fracture 
network 
traces of zir (max 2.07 
mm long) and apa (max. 
0.38 mm long) 
felsitic; colour differences 
in matrix, alignment of 
micro-Pc's and bio flakes 
as well as orientation of 
small coarser- crystallised 
Gm lenses give flow ap-
pearance; traces of zir 
(max. 0.3 mm long) 
Remarks 
flow aligned Pc's; 
shapes of some alt. 
mat. may suggest 
former gt 
round patches of 
opaque alt. mat. (ca. 
0.7 mm across) may 
indicate former gt 
same material as 
bright orange-red gt 
occurs as irregular 
patches within some 
fsp-Pc's and in matrix 
(isotropic) 
possibly completely 
alt. bio-Pc's (ca. 0.5 
mm long) 
no flow aligned Pc's 
Pc's not flow aligned; 
unknown min. (prob-
ably gt, high relief, 
greyish, isotropic) in 
one of the glomer. 
aggr. of fsp 
Sample 
MS-ll 
MS-12 
MS-13 
Phenocrysts 
san: sub- to euhedral, slightly rounded and fractured; fractures filled with 
qu (or in through-going fractures with fibrous alt. mat.); max. 3.75 mm 
long 
plag: eu- to subhedral, some rounded and slightly embayed; fractures filled 
with qUi no zon., complex tw.; as glomer. aggr. (+other Pc's); max. 3.4 
mm long 
qu: eu- to subhedral; commonly good rounded, some deeply embayed (some 
filled with qu-grains); max. 1.8 mm long 
gt: eu- to subhedral, rounded; reddish-orange alt. (partially isotropic); 
incl. opaques+fsp+ol; often assoc. with 01; often with fibrous alt. rim plus 
radiating bio fibres; max. 1.3 mm across 
01: colourless, eu- to subhedral, always assoc. with gt; max. 0.76 mm long 
bio: small flakes throughout the matrix and in radial arrangement around 
altered gt 
san: sub- to anhedral, in situ fragments annealed with qu, rounded and 
embayed; no zon. and tw.; max. 3.21 mm long 
plag: sub- to euhedral; in situ fragments annealed with Qu; simple zon., 
complex tw.; max. 2.26 mm long 
qu: eu- to subhedral; commonly rounded and embayed; max. 1.44 mm long 
bio: flakes up to 0.76 mm long 
Hm needles up to 0.38 mm long; small mt grain up to 0.25 mm in 0 
san: sub- to euhedral; often rounded, embayed and/or fragmented; some 
sieve textured; incl. other Pc's; no zon., minor simply tw.; 3.9+ mm long 
qu: eu- to subhedral; well rounded, some deeply embayed; max. 2 mm long 
plag: eu- to anhedral; some slightly rounded, embayed and/or fragmented, 
no and normal zon.; max. 2.07 mm long 
gt: sub- to euhedral; often rounded; fresh: bright d'red, orange and 
anisotropic when alt.; incl. opaques+fsp; commonly strongly fractured; 
usually with fibrous alt. rim; max. 1.14 mm long 
bio: opaquish altered; max. 0.78 mm; ilm needles (max. 0.43 mm long) 
and mt: (±rounded; max. 0.4 mm in 0) 
Pc % 
10 
4 
4 
1 
«1 
«1 
7.6 
3.6 
2.3 
«1 
«1 
20.3 
3.6 
2.4 
«1 
«1 
Groundmass 
felsitic; many lenses 
('schlieren') of coarser-
grained qu and alignment of 
micro-Pc's as well as colour 
nuances give overall flow 
appearance 
traces of zir (max. 0.2 mm 
long) and apa (max. 0.1 mm 
long) 
felsitic; lenses or 'schlieren' 
of slightly coarser-grained 
qu+fsp as well as minor 
alignment of micro-Pc's give 
overall flow appearance; Pc's 
not flow aligned 
felsitic; elongated patches of 
ca. 0.2 mm lengths in mosaic-
like arrangement (strongly 
elongated and wrap around 
Pc's 
'schlieren' and lenses of 
coarser-grained qu+fsp, flow 
aligned 
traces of zir (max. 0.5 mm 
long) 
Remarks 
Pc's seems to be fractured in 
situ with subsequent anneal-
ing by small qu-grains; overall 
flow alignment of Pc's 
Cordierite: hexagonal; bi-
axial negative; characteristic 
sector zoning; "" 1.44 mm in 
o 
zepter-qu: slow vibration 
direction not II to elongation 
of X; 0.8 mm long 
1-2% ±completely alt. min's: 
opx(?): low 6; high re-
lief; eight-sided shape; biax-
ial negative; fibrous alt. rim 
01(?): char. alt. mesh struc-
ture; 6-( to 8-) sided 
bo/bio(?): elongated form; 
replaced by fibrous bio, chlo-
rite, opaques etc. 
thin section with tight frac-
ture network, outlined by 
orange-red alt. (staining) and 
a ca. 0.2 mm broad orange 
rim (gives breccious appear-
ance of handspecimen) 
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SaIllple 
MS-14 
MS-15 
MS-16 
MS-17 
Phenocrysts 
san: sub- to euhedral; some fragmented, some well rounded and embayed; no 
two and zon.; incl. other Pc's; max. 3.56 mm long 
qu: sub- to euhedral; well rounded and embayed; max. 1.5 mm long 
plag: eu- to anhedral; some fragmented, rounded and/or slightly embayed; no 
to complex zon., commonly tw.; often as glomer. aggr.; max. 3.02 mm long 
gt: colourless, slightly shattered; good rounded, some embayed; incl. opaques; 
with small fibrous alt. rim, max. 1.07 mm across; bio: opaquish alt. Pc's 
(max. 0.76 mm long) and not alt. flakes (~0.2 mm long, around alt. of other 
Pc's); ilIll needles (max. 0.38 mm long), Illt (max. 0.4 mm across) 
san: sub- (to euhedral); often fragmented, rounded and embayed; no two and 
zon.; incl. other Pc's; 2.65+ mm long 
plag: eu- (to subhedral); often as glomer. aggr. (+other Pc's); no and normal 
zon.; complex tw.; 1.88+ mm long 
qu: eu- to subhedral; commonly good rounded, often (deeply) embayed; max. 
1.88 mm long 
san: eu- to subhedral; slightly shattered and fragmented; some well rounded 
and deeply embayed; no and simple tw.; unzoned; incl. other Pc's; max. 3.02 
mm long 
plag: euhedral, some slightly rounded and embayed, some fragmented; as 
glomer. aggr.; complex tw.; normal zon.; max. 2.64 mm long 
qu: eu- to subhedral; commonly well rounded, some embayed; max. 1. 7 mm 
long 
minor bio: generally to various degrees opacitised, aggr. up to 1.5 mm long; 
ilIll: max. 0.3 mm long needles; Illt: granules ca. 0.2 mm across 
Pc % 
13.3 
5.3 
5.3 
<1 
11.5 
4.3 
4.3 
15.4 
6.8 
6.8 
<1 
san: eu- to subhedral; commonly shattered and fragmented; some well rounded 9.3 
and (deeply) embayed, no zon., simple tw.; incl. other Pc's; max. 2.46 mm 
long 
plag: eu- to subhedral; often shattered; minor normal zon.; simple tw., as 4.0 
glomer. aggr.; max. 2.72 mm long 
qu: eu- to subhedral; commonly well rounded and (deeply) embayed; max. 1.7 3.9 
mm long 
gt: fresh, slightly fractured, sub- to anhedral; max. 1.5 mm across; bio: <1 
various degrees of alt. (opacitised), aggr. max. 0.6 mm long; ilIll needles 
(max. 0.4 mm long); Illt: euhedral (4-sided), commonly rounded; max. 0.4 
mm across; also irregular shaped opaques 
GroundIllass 
felsitic with coarser-grained 
patches of qu+fsp; tiny mica 
(bio) flakes throughout ma-
trix 
traces of zir (max. 0.19 mm 
long) 
felsitic; different shades of 
grey and alignment of micro-
Pc's give flow appearance 
felsitic: coarser-grained as 
MS-15 (XX ~10-20 f-lm in 
0); tiny bio flakes throughout 
matrix; slight colour differ-
ences and alignment of micro-
Pc's indicate II flow move-
ment 
in places small elongate 
patches (as described for 
MS-13) 
ReIllarks 
no flow banding in ma-
trix and no flow align-
ment of Pc's; some nar-
row fractures throughout, 
but hardly as alteration 
ways, some are annealed 
with qu(?) 
irregularly shaped patches 
of opaques in Gm; bio and 
gt almost completely al-
tered 
larger Pc's are slightly 
flow aligned 
completely alt. Pc's: 
shapes suggest 01 or amph; 
replaced by tiny fibrous 
flakes (mica, chlorite, etc.) 
felsitic: colour differences, completely alt. min. (ol?) 
elongated patches (see MS-
13), their concentration in 
certain bands, and alignment 
of micro- Pc's indicate good 
flow layering; in places spher. 
figure in larger patches 
in places clastic appearance 
along bands 
Sample 
MS-18 
MS-19 
MS-20 
MS-21 
Phenocrysts Pc % 
san: eu- to subhedral; often rounded and embayed; some fragmented; incI. 11.8 
other Pc's; no zon. and tw.; max. 4.14 mm long 
plag: eu- to subhedral; slightly rounded, some fragmented; unzoned, complex 5.9 
tw., as glomer. aggr.; max. 3.95 mm long 
qu: eu- (to subhedral); commonly well rounded and (deeply) embayed; max. 5.9 
1.88 mm long 
bio: subhedral, opaque rim, max. 1.14 mm long <1 
san: eu- to subhedral; fragmented and (well) rounded; some embayed; unzoned; 
as glomer. aggr.; incI. other Pc's; 3.9+ mm long 
qu: eu- (to subhedral), commonly well rounded and (deeply) embayed; max. 
1.88 mm long 
plag: eu- (to subhedral); common tw.; some as glomer. aggr.; incI. fsp+qu(?); 
max. 3.02 mm long 
gt: fresh, no alt.; slightly pinkish-grey; max. 0.76 mm across; bio: commonly 
strongly altered (opaques), max. 0.84 mm long; Hm: max. 0.6 mm long 
needles; mt: rounded grains ca. 0.4 mm across 
san: eu- to subhedral; often rounded and embayed; some fragmented; unzoned; 
simple tw.; max. 3.75 mm long 
qu: eu- to subhedral; commonly well rounded and deeply embayed; max. 1.9 
mm long 
plag: eu- (to subhedral); slightly rounded and fragmented; some simple zon.; 
simple tw.; minor as glomer. aggr.; max. 2.26 mm long 
bio: commonly almost completely alt., max. 0.9 mm long, Hm needles up to 
0.75 mm long; mt: rounded grains ca. 0.4 mm across 
san: sub- (to euhedral); often fragmented and (well) rounded; no two and zon.; 
max. 3.1 mm long 
plag: eu- (to subhedral); some slightly rounded, some fragmented (in situ); 
often as glomer. aggr.; no or osciI. zon.; complex tw.; max. 3.37 mm long 
qu: eu- to subhedral; generally well rounded and (deeply) embayed; max. 1.55 
mm long 
gt: intensively fractured (large parts removed during thin sectioning); orange-
red (slightly anisotropic), with alt. rim of opaques and fibrous mat.; max. 1.14 
mmin 0 
bio (max. 0.76 mm long), ilm needles (max. 0.4 mm long) and mt (ca. 0.4 
mm in 0) 
12.2 
6.1 
3.7 
<1 
11.4 
11.4 
4.6 
<1 
6.9 
5.2 
3.4 
<1 
<1 
Groundmass 
felsitic; shades of grey and 
orange (alt.) reveal flow 
banding, esp. around Pc's; 
contrast in micro-Pc's abun-
dance in adjacent layers; tiny 
mica flakes throughout 
felsitic: in places patchy 
(polygonal, not elongated); 
slight diff. in grey shades 
and orientation of qu-grain 
'schlieren' or lenses suggest 
flow banding, some 'schlieren' 
continuous for x cm (frac-
tures? filled with polygonal 
mosaic of qu grains) 
felsitic; lenses and 'schlieren' 
of qu-mosaic define flow 
banding 
coarse fracture network 
across section, partly as alt. 
pathways 
felsitic; good flow band-
ing; crystallites are II ori-
ented; lenses and 'schlieren' 
of polygonal qu-mosaics also 
flow aligned 
tiny bio flakes throughout the 
matrix 
orange staining increases in 
intensity from rim of hand-
specimen to unalt. core mat.; 
here sharp contrast to 'nor-
mal' grey colour of matrix 
Remarks 
replacement of min. by 
aggr. of radiating fibres 
minor completely alt. Pc's 
(ol?): aggr. of tiny fibres 
(mesh structure) 
many fractures are not 
going right through Pc's 
but seem to commence 
at them or follow their 
borders instead cutting 
through 
minor. strongly alt. gt: 
some with fresh core 
(most removed during 
thin sectioning), good alt. 
rim 
completely replaced min.: 
shape suggests amph, 
orange-red fibrous in cen-
tre and mica-like fibrous 
as alt. rim, max. 0.95 
mm long 
all Pc's and micro-Pc's 
are II flow-aligned 
Sample 
MS-22 
II f.1. 
MS-23 
II f.l. 
MS-24 
II f.1. 
MS-25 
II f.1. 
Phenocrysts 
san: sub- (to euhedral); often fragmented, rounded and/or embayed; no two 
and zon.; max. 2.07 mm long 
qu: eu- to subhedral; commonly well rounded and (deeply) embayed; max. 
1.88 mm across 
plag: eu- (to subhedral); some rounded, embayed and fragmented (in situ); 
complex tw.; minor normal zon.; minor as glomer. aggr.; max. 2.64 mm long 
bio: almost completely opacitised, max. 0.76 mm long; Hm: max. 0.45 mm 
long; mt: small grains ca. 0.4 mm across; gt: one Pc, fresh, 0.57 mm across 
san: subhedral, often rounded, strongly embayed and fractured; incl. other 
Pc's (often irregular in shape); no two and zon.; max. 2.64 mm long 
qu: eu- to subhedral; commonly good rounded and deeply embayed; some 
fragmented and with undulatory ext.; max. 1.5 mm long 
plag: eu- to subhedral; rounded and fragmented; complex tw.; max. 1.0 mm 
long 
bio: individual Pc's up to 0.76xO.2 mm; commonly fresh with slight alteration 
(opacitised); traces of Hm and mt 
san: eu- to anhedral; often fragmented, deeply embayed, and/or rounded; 
unzoned; simple tw.; inc1. other Pc's (often of irregular shape); max. 4.9 mm 
long 
qu: eu- (to subhedral), commonly good rounded and (deeply) embayed; max. 
1.9 mm long 
plag: euhedral, complex tw.; slightly rounded; max. 1.7 mm long 
gt: one Pc, fresh, incl. ilm needle, 1.88 mm in 0; bio: ±fresh to opacitised, 
max. 0.76 mm long 
san: sub- to euhedral; often well rounded and deeply embayed; some frag-
mented; inc1. other Pc's; no zon. and tw.; max. 3.14 mm long 
qu: eu- to subhedral; commonly well rounded and deeply embayed; max. 1.90 
mm long 
plag: eu- to subhedral; some fragmented, slightly rounded and (deeply) em-
bayed; some osciI. zon.; larger Pc's shattered; max. 2.26 mm long 
bio: ±fresh to ±completely opacitised, max. 0.78 mm long; traces of mt and 
ilm 
Pc % 
10.4 
10.4 
2.3 
<1 
8.4 
8.3 
<1 
<1 
10.6 
8.8 
<1 
<1 
10.4 
7.8 
1 
<1 
Groundmass 
felsitic, ca. 10% coarse-
grained patches, lenses and 
'schlieren' of que +fsp) aggr.; 
no flow banding; patches 
wrap around Pc's; in parts 
yellowish-brownish alt. spots 
with sweeping extinction 
felsitic; patchy in C.P.L.: ca. 
0.1 mm across with sweep-
ing ext. (spher. devitr.7), 
patches not elongated 
breccious appearance: Gm 
clasts of wide size range and 
commonly rounded; clasts II 
flow layering 
felsitic; bio flakes throughout 
Gm (each :::;0.1 mm long), no 
preferred orientation, ca. 1-
2% ofGm 
traces of apa (0.05 mm long) 
felsitic: yellowish-brown 
patches and streams indicate 
strong II flow layering; small 
bio flakes often flow aligned 
small-scale folding of flow 
banding, some fractures (fol-
low banding) 
Remarks 
no apparent flow-
alignment of Pc's 
minor completely alt. 
Pc's: shape and mesh 
structure suggests original 
01 with opaque alt. rim 
bio flakes generally flow 
aligned within single Gm 
clasts; probably devitr. 
obsidian breccia 
alt. Pc's: shape suggests 
01, but orange fibrous alt. 
rim; also opacitised amph 
no flow banding, no flow 
aligned Pc's 
minor altered Pc's: inte-
rior composed of fibrous, 
yellow-orange mat.; rim 
often opacitised; shape 
suggests amph or 01 
allanite: orange-brown-
red, pleochr., 6-sided ba-
sis, colour zon.; ca. 0.38 
mm long; 8 ,.,.,0.018; biax-
ial (negative 7) 
SaIllple 
MS-26 
MS-28 
MS-29 
MS-30 
Phenocrysts Pc % 
san: eu- to subhedral; often fragmented, rounded and (deeply) embayed; inc1. 5.6 
other Pc's; max. 3.1 mm long 
qu: eu- to subhedral; commonly rounded and often deeply embayed; max. 2.07 4.0 
mm long 
plag: eu- (to subhedral), some fragmented and rounded; minor as glomer. 0.8 
aggr.; some normal zon.; compex tw.; max. 3.55 mm long 
gt: fresh, pale pinkish-grey, inc1. zir+bio+opaques, aIllph? max. 1.76 mm <1 
across; bio: ±fresh to completely opacitised, max. 0.7 mm long; traces of Illt 
and ilIll 
san: sub- to euhedral; often fragmented and rounded, some (deeply) embayed; 
max. 3.02 mm long 
qu: eu- to subhedral; commonly well rounded and (deeply) embayed; max. 
1.90 mm long 
plag: eu- (to subhedral); some rounded and (deeply) embayed; often as glomer. 
aggr.; some normal zon.; complex tw.; max. 3.5 mm long 
bio: altered and often completely opacitised; max. 1.1 mm long; traces of ilIll 
and Illt 
san: sub- to euhedral; often fragmented or rounded; some (deeply) embayed; 
larger XX with simple tw.; inc1. other Pc's (often irregularly shaped); max. 
4.32 mm long 
qu: eu- (to subhedral); commonly well rounded and (deeply) embayed; max. 
2.70 mm long 
plag: eu- (to subhedral), some rounded, complex tw.; seldom as glomer. aggr.; 
max. 2.26 mm long 
gt: fresh, 1.1 mm in 0; bio: commonly good opacitised, max. 0.77 mm long; 
traces of Illt and ilIll 
san: subhedral, commonly fragmented, some well rounded; unzoned, rare tw.; 
on average ca. 0.7 mm long, max. 3.4 mm long 
qu: sub- to euhedral; commonly well rounded and embayed; some fragmented; 
max. 1.35 mm long 
plag: eu- to subhedral, some rounded, fragmented and embayed; complex tw., 
minor simple zon.; max. 2.45 mm long 
bio: commonly fresh, only to a minor degree opacitised, max. 0.57 mm long; 
traces of opaques 
7.8 
5.2 
3.4 
<1 
11.1 
7.9 
4.7 
<1 
8.2 
8.2 
1.6 
<1 
GroundIllass 
felsitic; no overall f.l. (ex-
cept next to some Pc's or 
'xenolitic' mat. and slightly 
aligned bio micro-Pc's 
'xenolitic' mat. slightly 
darker grey, no Pc's (some 
aligned 'schlieren' of qu); in-
terfingered with Gm 
traces of zir and apa (both 
~0.19 mm long) 
felsitic; 'schlieren' and lenses 
of coarser-grained qu ( + fsp ), 
aligned bio flakes, good f.1. 
indicated by aligned bio Pc's 
and general behaviour of Gm 
(preferred ext. pattern) 
felsitic; f.1. indicated by 
lenses and 'schlieren' of 
coarser- grained qu( +fsp) 
XX and optical behaviour of 
matrix minerals (slow in flow 
direction) 
some patches (elongated; 
lensoid, or around Pc's) 
are slightly darker grey and 
finer-grained 
matrix consists of clasts 
(down to very fine-grained) 
clasts: darker grey than ma-
trix; good flow banded (fine 
layering); patches are not 
elongated 
ReIllarks 
Gm with mingled appear-
ance 
completely replaced Pc's: 
fine-fibrous grey to orange 
aggr.; sometime in axi-
olitic or spher. arrange-
ment 
Pc's not flow aligned 
(apart from bio) 
fractures act as alt. path 
ways 
two alt. Pc's: com-
pletely alt. to opaques 
and fine-fibrous aggr., yel-
lowish (amph?) 
some completely alt. Pc's: 
yellowish fibrous mat. and 
partially opaques 
some completely alt. Pc's: 
greenish-yellow and yel-
lowish fibres; form sug-
gests 01 
SaIllple 
MS-31 
II f.1. 
MS-32 
MS-33 
II f.1. 
MS-34 
Phenocrysts 
san: sub- to euhedral; often shattered and fragmented; some rounded and 
embayed; minor simple tw.; incl. other Pc's; max. 3.02 mm long 
qu: sub- to euhedral; commonly well rounded and (deeply) embayed; shattered; 
max. 1.80 mm long 
plag: sub- to euhedral; often shattered, some rounded and embayed; seldom 
as glomer. aggr.; some simple tw.; max. 2.70 mm long 
bio: fresh to minor alt. (opacitised), max. 0.75 mm long; gt: fresh, max. 0.5 
mm across; traces of Illt and ilIll 
san: subhedral; commonly rounded fragments, minor embayed; max. 1.05 mm 
long 
qu: subhedral, commonly well rounded fragments; minor embayed; max. 1.1 
mm long (on average much smaller) 
plag: as rounded fragments, max. 0.6 mm long; bio: fresh to minor altered, 
max. 0.45 mm long; gt: one fresh fragment, 0.57 mm long 
san: sub- to anhedral; often rounded and (deeply) embayed; some fragmented, 
inc1. other Pc's; max. 2.64 mm long 
qu: eu- to subhedral; commonly well rounded and often deeply embayed; max. 
2.26 mm long 
plag: eu- (to subhedral); some rounded and fragmented; rarely as glomer. 
aggr.; some normal zon.; max. 2.60 mm long 
bio: good alt. and opacitised, ca. 0.48 mm long; Illt: 4-sided, slightly rounded, 
ca. 0.4 mm across; ilIll needles, ca. 0.54 mm long 
san: sub- to euhedral; often fragmented, rounded and (deeply) embayed; un-
zoned; some simple tw.; max. 4.51 mm long 
plag: eu- to subhedral; commonly stronger shattered than san; unzoned; often 
rounded; some embayed; inc1. large gt; max. 4.13 mm long 
qu: eu- to subhedral; commonly well rounded and embayed; max. 1.26 mm 
long 
gt: fresh in plag Pc's, otherwise completely removed (thin section preparation) 
with remaining small alt. rim; max. 1.1 mm across (in plag Pc's) 
Illt: commonly 4-sided and slightly rounded, some irregularly shaped, max. 
0.45 mm across 
Pc % 
8.8 
8.8 
5.3 
<1 
4.6 
4.6 
<1 
9.5 
8.1 
4.1 
<1 
5.5 
4.4 
2.2 
<1 
<1 
GroundIllass 
felsitic; good f.1. with 
some overturned small 
folds; appears recrystallised; 
some lenses or 'schlieren' 
of qu(+fsp) in flow ar-
rangement; tiny mica-flakes 
throughout matrix (± II £.l.) 
£'1., greyish felsitic clasts 
and Pc's set in homogeneous 
greenish matrix (Pc's frag-
ments grade down into size of 
matrix XX) 
felsitic; Gm consists of two 
components: (i) main: not 
f.1., minor micro-Pc's and Pc-
fragments; (ii) minor: darker 
grey, abundant micro-Pc's 
and Pc's fragments; no sharp 
contact rather interfingered 
felsitic; diff. grey shades 
and qu-'schlieren' and lenses 
suggest £,1.; dominant darker 
grey matrix with abundant 
tiny opaques and ca. 30-40% 
fsp laths (ca. 10-40 fJ,m long, 
trachytic); lighter grey parts 
are depleted of opaques with 
dominant laths and tabular 
XX of fsp( +qu) (larger than 
in darker grey Gm part) 
few zir (max. 0.23 mm long) 
ReIllarks 
two relict Pc's: shape and 
yellowish fibrous alt. mat. 
indicate amph 
sharp contact betw. clasts 
and matrix, small Pc's in 
matrix are often aligned 
parallel to clast elongation 
tight network of fractures 
(acted as alt. pathways: 
strongly orange to brown 
stained and beginning alt. 
of Pc's cut by fractures) 
completely alt. Pc's: 
yellow-brown fibrous 
mat., shape suggests 
amph 
parts of Gm are slightly 
yellowish alt. (stained?); 
no apparent f.1. of Pc's 
few fractures through sec-
tion (acted as alt. path 
ways) 
Sample 
MS-35 
MS-36 
II f.1. 
MS-37 
II f.1. 
MS-38 
II f.1. 
Phenocrysts 
san: sub- to euhedral; often fragmented, well rounded and deeply embayed; no 
two and zon.; incl. other Pc's, max. 3.0 mm long 
plag: eu- to subhedral; some rounded and fragmented; often simply zoned and 
glomer. aggr.; max. 1.88 mm long 
qu: eu- to subhedral; commonly well rounded and (deeply) embayed; max. 1.9 
across 
gt: fresh, pale pinkish-grey, max. 0.84 mm across; bio: completely opaquish 
alt., max. 0.7 mm long; opaques: irregularly shaped 
san: sub- to euhedral; often fragmented, rounded and (deeply) embayed, minor 
simple tw., inc1. other Pc's; minor normal zon., max. 4.5 mm long 
plag: eu- (to subhedral); minor rounded and embayed; some fragmented, com-
plex zon., complex tw.; minor as glomer. aggr., max. 2.07 mm long 
qu: eu- to subhedral; commonly (deeply) embayed and well rounded; max. 
1.26 mm across 
bio: completely opacitised, max. 0.4 mm long; gt: one X, fresh, 0.39 mm 
across; opaques: irregularly shaped 
san: eu- to subhedral; often fragmented (in situ) and rounded, some simple 
tw., seldom zon.; incl. other Pc's; max. 5.63 mm long 
plag: eu- to subhedral, some fragmented, often slightly rounded and as glomer. 
aggr., max. 4.13 mm long 
qu: eu- (to subhedral); commonly well rounded and (deeply) embayed; max. 
1.50 mm across 
gt: eu- to subhedral, fresh, max. 0.94 mm across; bio: completely altered, 
traces of mt and Hm 
san: sub- to euhedral; often fragmented and rounded; some (deep) embayed; 
some simple tw.; inc1. other Pc's; max. 2.64 mm long 
plag: eu- to subhedral; some fragmented and rounded; inc1. other Pc's; rare 
normal zon.; seldom as glomer. aggr.; max. 3.37 mm long 
qu: eu- (to subhedral); commonly well rounded and (deeply) embayed; max. 
1.50 mm across 
bio: almost completely opacitised, max 0.3 mm long; traces of Hm and mt 
Pc % 
6.7 
5.0 
2.5 
<1 
7.8 
6.8 
2.9 
<1 
10.5 
7.9 
4.0 
<1 
7.8 
4.7 
4.7 
<1 
Groundmass 
felsitic; diff. grey shades 
suggest f.l., 'schlieren' (of 
slightly coarser-grained qu) in 
cauliflower arrangement 
felsitic; diff. in grey scale 
outline elongated patches (see 
MS- 13; with sweeping ext.) 
which, together with minor 
qU-lensesj 'schlieren' indicate 
£.l. (esp. around Pc's) 
tiny mica flakes through-
out matrix (often not flow 
aligned) 
felsitic; colour shading outline 
slightly elongated patches 
(see MS-13) which indicate 
£.l. (esp. around Pc's); plus 
still slightly darker patches 
or 'schlieren' (may indicate 
welded pumices); Gm often 
strongly cauliflower-like 
felsitic; slight colour nuances 
indicate II f.l. (slow vi-
bration direction of Gill-XX 
in flow direction; not when 
deflected around Pc's); tiny 
mica flakes throughout ma-
trix (±flow aligned) 
traces of zir (ca. 0.19 mm 
long) 
Remarks 
fractures often rather 
thick and completely 
filled with d'red- brown 
mat.(translucent in CPL, 
hem?); qu 'schlieren' often 
aligned at these fractures 
completely alt. Pc's: 
either removed (during 
thin sectioning) or as 
yellow-brown fibrous mat. 
(ampb?) , plus irregular 
shaped opaques 
Pc's not flow aligned 
completely replaced Pc's: 
shape and meshy alt. 
point to ampb or 01 
Pc's not flow aligned but 
smaller ones 
minor completely replaced 
Pc's: shape and yellow-
brown alt. (fibres and 
opaques) point to either 
ampb or 01 
Sample 
MS-39 
II f.1. 
MS-40 
II f.1. 
MS-41 
MS-42 
II f.1. 
Phenocrysts 
san: eu- (to subhedral), some rounded, embayed, and/or shattered, inc1. other 
Pc's, seldom as glomer. aggr., minor simple tw., unzoned; max. 3.10 mm long 
plag: eu- (to subhedral), often as glomer. aggr., larger Pc's often shattered, 
some complex zon. and tw., max. 3.37 mm long 
qu: eu- (to subhedral); commonly well rounded and (deeply) embayed; max. 
1.69 mm long 
gt: fresh (slightly altered), pale pinkish, max. 0.77 mm across; bio: almost 
entirely opacitised, ca. 0.45 mm long; tiny opaques 
san: sub- to euhedral; commonly fragmente and rounded, some (deeply) em-
bayed, also shattered, unzoned, inc1. other Pc's; max. 4.17 mm long 
plag: eu- to subhedral; some fragmented, rounded, and normal zoned; as 
glomer. aggr., commonly more alt. than san; max. 3.76 mm long 
qu: eu- (to subhedral); commonly well rounded and (some deeply) embayed; 
max. 1.50 mm long 
opx?: euhedral, slightly rounded, small alt. rim, low S, patchy ext., max. 1.10 
mm across; bio: rarely to good alt. (opacitised), up to 0.75 mm long; traces 
of mt and ilm 
san: sub- to euhedral, fragmented and shattered, some rounded and deeply 
embayed, unzoned, some simple tw., inc1. other Pc's, max. 2.82 mm long 
qu: eu- (to subhedral), commonly well rounded and (some deeply) embayed, 
max. 2.25 mm long 
plag: eu- to subhedral, some fragmented and rounded (also embayed); some 
complex zon., as glomer. aggr., max. 2.34 mm long 
gt: fresh, pale-pinkish grey, euhedral, max. 0.88 mm across; opx?: low S, 
shattered and often removed, small alt. rim; mt (4-sided, ca. 0.4 mm across); 
Hm needles (max. 0.5 mm long) 
san: sub- to euhedral, often fragmented (also shattered) and rounded, some 
(deeply) embayed, seldom simple zon. and/or tw., inc1. other Pc's, as glomer. 
aggr., max. 2.45 mm long 
plag: eu- (to subhedral); fragmented (some pulled apart) and rounded, some 
embayed, normal zon., as glomer. aggr., max. 3.02 mm long 
qu: eu- to subhedral, commonly well rounded and often (deeply) embayed; 
max. 1.88 mm across 
gt: fresh and altered, fresh: pale-pinkish grey, max. 0.57 mm across; altered: 
pale-greenish, max. 0.8 mm across, with small alt. rim; mt (max. 0.4 mm 
across) and Hm 
Pc % 
7.2 
5.6 
3.2 
<1 
5.5 
4.3 
3.6 
<1 
6.3 
5.5 
4.7 
<1 
6.1 
4.9 
3.7 
<1 
Groundmass 
felsitic; f.1.: slow vibration di-
rection of matrix XX II f.1.; 
tiny mica flakes throughout 
matrix (±flow aligned) 
felsitic; diff. in colour shades 
suggest f.1. (supported by 
slow vibration direction of 
Gm XX II to f.1. 
felsitic, no f.1., recrystallised 
(micro-spher. with sweep-
ing ext.); qu-'schlieren' or 
patches or simply coarser-
grained qUi abundant tiny 
opaques throughout Gm 
rare patches of welded 
pumices? (ca. 3 mm long) 
felsitic, f.1.; mainly elongated 
patches (see MS-13), plus 
layers which are darker grey 
and contain more small Pc's; 
also 'schlieren' and lenses of 
coarser-grained qu (often flow 
aligned) 
matrix appears micro-spher. 
(sweeping ext.) 
Remarks 
Pc's not flow aligned 
(apart from some micro-
Pc's); along some frac-
tures commencing alt. 
minor completely alt. 
Pc's: shape suggests 
ampb (opaque mat. with 
fibrous rim) 
no apparent flow align-
ment of Pc's 
bio and ilm are good 
flow aligned; yellow-brown 
staining along fractures, 
red translucent min. in 
alt. rim (bern?) 
most elongated Pc's are 
flow aligned, some frac-
tured forming a pull-apart 
structures 
Sample 
MS-43 
II f.l. 
MS-44 
MS-45 
MS-46 
Phenocrysts 
san: sub- to euhedral, often fragmented, rounded and embayed, no zon. and 
tw., as glomer. aggr., incl. other Pc's, 3.75+ mm long 
plag: eu- to subhedral,; minor fragmented, rounded, and embayed, as glomer. 
aggr., some simple zon., max. 2.82 mm long 
qu: euhedral, commonly rounded and (deeply) embayed, max. 1.88 mm across 
biD: almost completely opacitised, max. 0.3 mm long; minor tiny opaques 
san: eu- to subhedral, some fragmented, rounded andj or embayed; some simple 
zon. and tw., few as glomer. aggr., incl. other Pc's, max. 2.58 mm long 
plag: eu- (to subhedral), minor fragmented, some rounded and embayed, often 
as glomer. aggr., some complex zon., max. 2.83 mm long 
qu: eu- (to subhedral), commonly rounded and (deeply) embayed, max. 2.26 
mm across 
gt: fresh (pale-pinkish grey), 1.50 mm across; biD: commonly alt. (opacitised), 
max. 0.45 mm long (but: some irregularly shaped patches with fresh bio); 
traces of opaques 
san: sub- to euhedral, often fragmented and rounded, some deeply embayed, 
no zon. and tw., max. 1.6 mm long 
qu: eu- (to subhedral), commonly well rounded and often (deeply) embayed, 
often fragmented, max. 2.45 mm across 
plag: eu- to subhedral, often simple zon. and tw., some as glomer. aggr., often 
fragmented, max. 1.50 mm long 
biD: fresh to slightly alt. (opacitised), some kink- banded, max. 1.33 mm long; 
gt: fresh, ca. 0.57 mm across; ilm needles (max. 0.5 mm long) 
san: subhedral, often fragmented and slightly rounded, some embayed, max. 
1.18 mm long 
qu: eu- (to subhedral), commonly rounded and embayed, some fragmented, 
max. 1.48 mm long 
plag: eu- to subhedral, often fragmented and rounded, some embayed, common 
zon. and tw., max. 1.50 mm long 
biD: fresh, minor slight alt., some kink-banded, max. 0.66 mm long 
Pc % 
5.6 
4.2 
4.2 
<1 
5.2 
4.5 
4.4 
<1 
8.0 
7.9 
3.5 
<1 
4.0 
4.0 
2.7 
<1 
Groundmass 
felsitic; diff. grey shades 
(opaque-rich and -depleted 
domains) indicate good f.l. 
(orientation of vibration di-
rection of matrix XX is II f.l.) 
felsitic; no f.l., tiny mica 
flakes throughout matrix (not 
oriented); minor patches (and 
'schlieren') of coarser-grained 
qu 
traces of zir (max. 0.19 mm 
long) 
partially felsitic; distinct ig-
nimbritic appearance: diff. 
textured matrix as 'clasts' 
having varying abundances of 
fragmented Pc's; 'clasts' dif-
fer in content of opaques and 
grey shade 
general f.l. 
glassy to felsitic; distinctly 
ignimbritic (minute glass 
shards and pumice fragments 
down to matrix size); large 
pumices 
pumices constitute ca. 20-
25% of matrix 
Remarks 
in places red-brown do-
mains of pronounced alt. 
(at and near fractures) 
set of II aligned stripes 
marked by depletion of 
opaques runs almost .1. to 
f.l. 
Pc' not flow aligned 
few completely replaced 
Pc's: shape suggests 
ampb or 01, with small 
fibrous alt. rim 
often large patches of 
shattered and fragmented 
Pc's (down to matrix size) 
between 'clasts' 
in some patches fibrous, 
axiolitic bands (yellow) 
pumices: some glassy 
(max. 1.88 mm long), 
some with distinct perlitic 
cracking and patchy de-
vitr. (max. 3.75 mm 
long), some just patchy 
devitr. 
Sample 
MS-47 
MS-48 
MS-49 
MS-50 
Phenocrysts 
san: eu- to subhedral, often fragmented and slightly rounded, few prominent 
Pc's, no zon. and tw., max. 2.3 mm long 
qu: sub- to euhedral, commonly rounded and embayed, larger Pc's often frag-
mented, max. 1.69 mm across 
plag: eu- to anhedral, fragmented and slightly rounded, some complex zon., 
minor as glomer. aggr., max. 2.07 mm long 
bio: fresh to slightly altered, max. 0.82 mm long; gt: as fragments, fresh, ca. 
0.50 mm long 
san: eu- to subhedral, some fragmented (in situ, jigsaw-like), often well 
rounded and embayed, minor as glomer. aggr., no zon. and tw., max. 2.26 mm 
long 
qu: eu- to subhedral, commonly well rounded and (deeply) embayed, some 
fragmented (in situ), some with undulatory ext., max. 1.50 mm across 
plag: eu- to subhedral, minor fragmented (in situ), some well rounded and 
embayed, some complex zon., minor as glomer. aggr., max. 3.02 mm long 
bio: green and brown pleo., only slightly altered, ca. 0.75 mm long; gt: one 
fragment, fresh, 0.38 mm long; traces of opaques 
san: subhedral, often fragmented, well rounded and deeply embayed; minor 
simple zon. tw., 2.26+ mm long 
qu: eu- to subhedral, commonly well rounded and embayed, some with undu-
latory ext., max. 1.88 mm long 
plag: eu- to subhedral, often fragmented and rounded, some embayed, minor 
as glomer. aggr., rare simple zon., max. 1.90 mm long 
gt: fresh, with large bio incl., max. 0.71 mm across; bio: fresh to slightly 
opaquish, max. 0.65 mm long; traces of opaques 
san: eu- to subhedral, some fragmented, rounded and/or embayed; minor as 
glomer. aggr., incl. other Pc's, minor simple zon. and tw., max. 3.21 mm long 
qu: eu- to subhedral, commonly rounded and (deeply) embayed; incl. opaques, 
max. 1. 72 mm long 
plag: eu- (to minor subhedral), commonly complex tw., some simple zon., 
minor as glomer. aggr., max. 2.26 mm long 
bio: commonly strongly alt. (opacitised), max. 1.16 mm long 
Pc % 
3.4 
2.3 
2.3 
<1 
4.2 
4.1 
2.8 
<1 
8.7 
7.6 
4.4 
<1 
4.9 
4.1 
3.3 
<1 
Groundmass 
devitr. glass; pumices of wide 
size range and diff. devitr. 
states: almost glassy to per-
litic cracked and partly de-
vitr. to completely patchy de-
vitr. (often spher.) 
yellowish-brown, spher. de-
vitr. (micro-spher.), very 
vague f.l.: as altered 'net-
work' pattern (like elongated 
cauliflower pattern); some 
reddish-brown pumice frag-
ments (some with abundant 
small Pc-fragments) 
felsitic to micro-spher., 
yellowish-grey; cauliflower 
to slightly angular-patchy in 
places 
traces of zir (max. 0.45 mm 
long) 
felsitic, grey colour diff. 
(varying amounts of opaques) 
suggest f.l. (orientation of 
low vibration direction of 
matrix crystals II to f.l.), 
some lenses and schlieren of 
slightly coarser-grained qu 
Remarks 
some vesicles in pumices 
with low aspect ratio, also 
perlitic obs. clasts 
most Pc's as small frag-
ments rather than good 
Pc's 
most Pc's as small frag-
ments in matrix 
ignimbritic domains alter-
nate with domains more 
flow banded 
no flow alignment of Pc's 
(apart from alt. bio 
flakes) 
one large patch (3.9 x 1.4 
mm) of coarse-grained qu 
mosaic around which ma-
trix wraps 
Sample 
MS-51 
MS-52 
MS-53 
MS-54 
Phenocrysts 
san: eu- to subhedral, some fragmented, shattered, some rounded and em-
bayed, minor sieve textured, inc1. other Pc's, max. 3.37 mm long 
qu: eu- (to subhedral), commonly well rounded and often (deeply) embayed, 
max. 1.69 mm long 
plag: euhedral, some fragmented and shattered, some rounded and embayed, 
minor as glomer. aggr., max. 2.64 mm long 
bio: commonly good alt., often completely opacitised, max. 0.87 mm long; 
irregular patches of opaques 
san: eu- to subhedral, commonly rounded, embayed, fragmented and/or shat-
tered, some sieve textured, inc1. other Pc's; no zon., some simple tw., max. 
4.51 mm long 
qu: eu- (to subhedral), commonly well rounded and (deeply) embayed, inc1. 
fsp, max. 1.88 mm long 
plag: completely replaced by tiny, fibrous, grey min.s, max. 1.67 mm long 
bio: ±fresh to ±completely alt. (opacitised), max. 0.89 mm long; some shape-
less opaques 
san: eu- to subhedral, some rounded, embayed and fragmented, minor as 
glomer. aggr., no zon., rare simple tw., max. 2.27 mm long 
qu: eu- (to subhedral), commonly well rounded and often deeply embayed, 
max. 0.96 mm long 
plag: eu- (to subhedral), some fragmented, rounded and/or embayed, often as 
glomer. aggr., some simple zon., max. 4.51 mm long 
bio: fresh to almost completely alt., max. 0.9 mm long; gt: one fresh fragment, 
ca. 0.23 mm long; traces of opaques 
san: subhedral, commonly rounded and fragmented, no zon. and tw., com-
monly small in size, incl. other Pc's, max. 1.5 mm across 
qu: sub- to minor euhedral, often rounded and fragmented, usually as small 
rounded fragments, max. 1.69 mm long 
plag: eu- to subhedral, as small rounded fragments and minor prominent Pc's 
(max. 1.88 mm long), minor simple zon. 
bio: fresh to almost completely alt. (opacitised), max. 0.7 mm long; gt: fresh, 
euhedral, max. 0.50 mm across 
Pc % 
7.6 
6.6 
4.7 
<1 
7.1 
6.5 
0.6 
<1 
7.0 
6.2 
4.6 
<1 
6.9 
5.4 
3.9 
<1 
Groundmass 
felsitic, diff. grey shades 
(varying amounts of 
opaques), small elongated 
lenses of coarser-grained 
qu and orientation of bio 
flakes indicate f.1. (plus low 
vibration direction of matrix 
crystals II f.l.) 
felsitic; diff. grey shades, diff. 
in degree of X-size and orien-
tation of elongated qu-Ienses 
indicate good f.1. with small-
scale folds (often cauliflower-
like) 
tiny mica flakes through-
out matrix (not always flow 
aligned) 
felsitic; no f.1., some coarser-
grained qu lenses and 
patches, tiny mica flakes 
and brownish-red translu-
cent patches (hex?: hem?) 
throughout matrix 
felsitic, very dense (dark 
brown-grey: fine particle size, 
ashes), good 'f.1.' (due to 
fragmented Pc's and their 
alignment into bands and to 
some pumice?-like 'clasts' 
ignimbritic character 
Remarks 
larger Pc's are not flow 
aligned (only bio flakes) 
brownish-grey alt. patch 
(ca. 3.8x1.9 mm): con-
sists of tiny fibrous min.s 
no alignment of Pc's; Pc's 
strongly fractured (shat-
tered) along and within 
large fracture 
Pc's not flow aligned 
some larger 
fragmented 
arranged) 
Pc's in situ 
(jigsaw-like 

Appendix E 
Modal percent proportions 
E.1 Methodology 
Modal percent proportions were obtained for all thin sections. Besides phenocryst, matrix and vesi-
cle modal percentages, the matrix composition was estimated in terms of glassy, felsitic/poikilitic, 
and spherulitic. Furthermore, spherulitic growth forms were subdivided into different generations 
as indicated mainly by colour differences. 
Initially, a selection of representative thin sections were point counted. In a test series of point 
counts involving 500, 1000, 1500, 2000, 3000, 4000, and 5000 points on two thin sections, it was 
found that in the lower point range a rather wide variation of modal percent proportions occurred. 
At 4000 point counts modal percent proportions became more stable, which finally was achieved 
with 5000 counted points per thin section. 
All thin sections were also analysed using an image analyser. Thin sections were scanned at high 
. resolution using a slide scanner. The digitised image was analysed with the 'UTHSCSA ImageTool' 
programl . The colour image was converted to a grey-scale image and manually thresholded to 
find that grey-scale range corresponding to a certain eolour. This threshold was used to obtain a 
black/white image at which a black/white pixel count resulted in a percentage of the investigated 
thin section object. In general, all objects in thin sections are characterised by specific colour 
ranges, and hence grey-scale ranges, which allows to measure the percentage of object groups. 
Objects with the same colour, such as colourless feldspars, quartz and glass were distinguished by 
their characteristic shape (outline), if possible. In many cases these objects were traced with the 
program and their proportion directly measured. 
Limitations in the usage of the image analyser arise with the presence of phases having the same 
grey level. Felsic minerals such as quartz, plagioclase and alkali-feldspar have the same grey level 
. -... 
and their percentage cannot be measured with the image analyser but was done by point counting. 
Similarly, in pumiceous samples a distinction between the glass and enclosed vesicles is not possible. 
However, due to the high stretching of the vesicles point counting often can also not be used. In 
such cases the percentage of vesicles is taken from porosity measurements. 
At samples from Ngongotaha, ten measurements on two thin sections with the image analyser 
yielded standard deviations of 0.72 and 0.70. A comparison of the results obtained by point-counting 
1 'ImageTool' was developed at the University of Texas Health Science Center at San Antonio, Texas and is available 
free from the Internet by anonymous FTP from ftp:/ /maxrad6.uthscsa.edu. 
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and image analysis showed, that point counting using 5000 points gives values almost identical to 
those obtained by image analysis-in the limit of the standard deviation. Image analysis proved to 
be a relatively fast and, in most cases, reliable method to obtain modal percent proportions in thin 
sections. 
In this Appendix, the modal percentages of samples from the Ngongotaha Dome and Mount 
Tarawera are listed. The data for the other two field areas are given within the appropriate micro-
scopic descriptions. 
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E.2 Results of modal percent proportions determinations 
Sample NQ-6 NQ-7 NQ-8 NQ-9 NQ-10 NQ-11 NQ-12 NQ-14 NQ-15 NQ-16 NQ-18 NQ-19 NQ- 20 NQ-21 NQ-22 
Plag 3.49 2.60 2.33 2.58 2.61 2.76 2.45 2.45 2.45 2.28 3.00 1.90 2.81 2.01 2.23 
Opx 0.51 0.33 0.17 0.23 0.19 0.35 0.18 0.21 0.25 0.29 0.50 0.30 0.19 0.35 0.20 
Opaques 0.31 0.38 0.12 0.38 0.19 0.26 0.15 0.06 0.16 0.16 0.08 0.13 0.27 0.15 0.15 
Sum Pc's 4·31 3.31 2.62 3.19 2.99 3.37 2.78 2.72 2.86 2.73 3.58 2.33 3.27 2.51 2.58 
Glass 13.89 7.80 54.45 4.10 
Felsitic 4.33 69.42* 87.04* 54.19* 93.64* 81.58 13.56* !?' 
Voids 4.80 12.58 31.92 6.72 11.89 5.65 18.86 10.24 8.91 14.65 40.73 3.90 15.15 29.48 28.44 !" ,.,. 
~ Clasts 5.02 
;tI 
0"< t'l Ul 
Sph.: d'brown 1.24 6.86 34.23 24.87 20.83 20.11 c:: ~ 
Sph.: yellow 10.16 0.87 1.15 Ul 0 
Sph.: m'brown 24.56 41.68 60.25 53.13 29.50 48.68 '"'l 
Sph.: grey 31.69 6.96 23.78 55.86 62.35 58.25 35.10 53.12 15.05 
;;: 
0 
Sph.: lithoph. tl ;.. 
t"' 
Sum spher's 67.65 14·69 65·46 90.09 85.12 83.18 78.36 0.00 88.23 82.62 0.00 0.00 0.00 0.00 64·88 '1:1 l'J 
5 
Sec. min's 1.50 0.13 l'J Z 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 >-l '1:1 
::0 
*microspherulitic matrix 0 '1:1 
0 
~ (3 
z 
Ul 
tl 
t'l 
>-l 
t'l 
;tI 
;;: 
51 
~ (3 
z 
Ul 
» 
'"0 
'"0 
i:':I 
Z 
t:I 
>< 
~ 
;;:: 
0 
t:I 
» 
r 
'"0 
i:':I 
::0 
Sample NQ-23 NQ-24 NQ-25 NQ-26 NQ-28 NQ- 29 NQ-30 NQ-31a NQ-31b NQ-32 NQ-33 NQ-34a NQ- 34b NQ-36 0 i:':I Z 
>-3 
'1l 
::0 
Plag 1.95 3.47 3.47 2.24 2.83 2.38 2.59 2.02 2.21 3.59 2.78 1.89 2.19 2.54 0 
'1l 
Opx 0.19 0.42 0.67 0.72 0.27 0.39 0.21 0.21 0.23 0.27 0.51 0.43 0.32 0.29 0 q 
Opaques 0.29 0.84 0.60 0.43 0.42 0.08 0.05 0.43 0.41 0.57 0.36 0.23 0.33 0.18 (3 
Sum Pc's 2·43 4·73 4·74 3.39 3.52 2.85 2.85 2.66 2.85 4·43 3.65 2.55 2.84 3.01 z [j) 
Glass 53.66 25.09 28.83 24.58 42.10 5.93 26.45 2.41 12.34 
Felsitic 79.57* 5.27 0.46* 22.48 61.42* 83.09 55.72 79.03* 
Voids 2.70 2.16 6.35 22.77 2.71 13.58 24.36 35.92 14.06 30.07 1.69 3.73 
*"" 
Clasts 32.86 9.69 1.89 O'l 
O'l Sph.: d'brown 4.18 9.84 0.62 1.19 8.60 37.88 
Sph.: yellow 16.96 10.78 6.06 8.39 31.42 
Sph.: m'brown 41.21 4.85 17.20 0.22 3.49 2.01 4.13 43.16 48.19 
Sph.: grey 20.21 24.17 16.78 0.46 62.73 54.64 18.15 8.68 
Sph.: lithoph. 8.92 6.94 
Sum spher's 41.21 4·85 58.55 45.01 35.87 18.99 66.86 0.00 0.00 0.00 79.66 61.31 94·75 0.00 
Sec. min's 8.69 9.78 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
*microspherulitic matrix 
Sample NQ-37 NQ-38 NQ-39 NQ-40 NQ-41 NQ-42 NQ-44 NQ-48 NQ-49 NQ-50 NQ-56 NQ-56* NQ-58 NQ-59 NQ-60 
Plag 4.94 2.62 2.74 3.08 2.84 1.85 1.91 1.28 1.89 2.20 3.44 3.36 3.71 2.42 2.98 
Opx 0.31 0.44 0.34 0.39 0.27 0.13 0.22 0.12 0.16 0.36 0.40 0.29 0.38 0.33 0.31 
Opaques 0.16 0.30 0.21 0.38 0.29 0.31 0.29 0.21 0.24 0.49 0.27 0.18 0.24 0.11 0.17 
Sum Pc's 5·41 3.36 3.29 3.85 3·40 2.29 2·42 1.61 2.29 3.05 4·11 3.83 4·33 2.86 3·46 
Glass 9.14 0.21 0.98 27.27 10.04 51.15 65.49 65.82 94.40 88.72 
Felsitic 4.80 
Voids 2.02 1.87 3.87 17.40 26.09 4.38 4.14 22.51 4.35 1.27 5.66 10.91 1.27 8.42 
1?1 
~ 
..,. Clasts 7.12 0.37 14.53 3.82 ?:l O"l 
--l Sph.: d'brown 13.34 17.97 1?1 13.64 17.85 3.69 [fl c 
Sph.: yellow 11.22 2.18 11.61 20.16 30.00 1.40 Si [fl 
Sph.: m'brown 66.61 78.54 41.61 10.79 45.16 0 
"l 
Sph.: grey 68.01 67.50 17.09 27.92 70.94 61.17 25.84 9.51 23.34 19.44 :;:: 
Sph.: lithoph. 0 I:) 
Sum spher's 86.51 81.65 83.10 18.54 69.53 84·58 19.02 48.24 18.52 30.00 24·14 19·44 0.00 0.00 92.12 > r 
"0 
1?1 
?:l 
Sec. min's 8.75 14.42 0 1?1 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 z >-3 
"0 
*microspherulitic matrix ?:l 0 
"0 
0 q 
(3 
z 
[fl 
I:) 
1?1 
>-3 
1?1 
?:l 
:;:: 
Z 
~ (3 
z 
[fl 
;.-
1:! 
1:! 
1':1 
Z 
tl 
>< 
Sample TW-1 TW-2a TW-2b TW-3 TW-4 TW-5a TW-5b TW-6 TW-7 TW-8 TW-9 TW-10 TW-11 TW-12 TW-13 ~ ;;:: 
0 
Plag 13.1 13.7 11.8 12.7 13.4 10.9 3.9 9.1 9.7 14.8 12.9 3.8 13.9 10.4 12.7 tl ;.-
Qu 9.4 8.1 9.5 10.1 9.7 8.7 1.2 6.8 6.4 10.9 8.4 1.3 8.6 9.2 9.1 I:""' 1:! 
Bio 0.8 0.7 1.0 1.3 1.2 0.5 2.3 1.1 1.3 1.9 1.2 1.0 1.1 1.2 1':1 ::rJ 
Opaques 0.3 0.3 0.3 0.4 0.5 0.3 0.5 0.5 0.4 0.4 0.4 0.2 0.3 0.3 0.4 0 1':1 Z 
Amph 0.1 0.1 tr tr tr. tr. >-l 
1:! 
Opx tr tr tr. tr. ::rJ 0 
Sum Pc's 23.1 22.8 22.6 24·5 24·8 20.5 5.6 18.1 11.6 21·4 23.6 6.5 23.8 21.0 23·4 1:! 0 
~ 
Glass 52.0 0.8 79.5* 81.3* 82.4* 75.9* 13 z 
Felsitic 75.5 72.6 75.6 92.8 76.2 79.0 en 
Spher. 8.3 77.2 71.7 56.0 64.5 12.7 0.7 
Voids 17.0 4.9 19.5 10.7 6.2 0.8 0.7 
*finely vesicular pumice 
..,.. 
~ 
00 
Sample TW-14 TR-1 TR-2 TR-3 TR-4 TR-9 TR-10 TR-11 TR-12 TR-13 TR-14 TR-15 TR-16 TR-19 TR-20 
Plag 12.1 12.1 9.4 10.5 12.1 13.9 11.8 13.9 11.7 12.3 14.2 10.1 15.2 13.4 11.9 
Qu 8.9 8.9 7.5 8.1 7.9 8.2 7.4 7.5 6.9 7.5 7.9 8.9 9.4 7.9 8.0 
Bio 1.0 1.0 0.9 1.1 1.0 1.4 1.5 1.0 2.6 3.4 0.8 1.3 1.2 2.9 3.1 
Opaques 0.3 0.3 0.3 0.4 0.3 0.3 0.3 0.3 1.0 0.7 0.2 0.4 0.3 0.5 0.4 
Amph tr tr. tr. tr. tr. tr. tr. tr. tr. tr. tr. tr. tr. 
Opx 
Sum Pc's 22.3 22.3 22.2 20.1 22.3 23.8 21.0 22.1 22.2 23.9 23.1 20.1 26.3 24·1 23·4 
Glass 75.6* 56.7 25.5 77.7 49.2 36.9 53.9 38.7 39.0 61.7 61.9 65.3 49.0 62.4 
Felsitic 
Spher. 2.1 21.0 62.3 74.4 4.3 1.2 
Voids 6.5 28.0 42.1 23.4 39.1 37.1 15.2 13.1 17.2 26.3 14.2 
Sample TR-21 TR-22 TR-23 TR-24 TC-1 T-S 
Plag 13.7 12.9 11.S 13.0 13.9 15.2 
Qu 7.4 6.S 7.1 7.4 6.2 7.S 
Bio 4.1 1.0 2.1 2.3 1.9 2.3 
l'l Opaques 0.5 0.2 0.3 0.4 0.3 0.5 ~ 
fi::>. Amph tr. tr. tr. ;0 0"> l'l CD Opx [JJ e 
Sum Pc's 25.1 21.9 21.3 23.0 22.3 25.8 ~ 
[JJ 
0 
"l 
Glass 19.3 43.8 53.5 55.1 is: 
Felsitic 78.1 0 tI 
:>-Spher. 41.S 67.5 t"' 
'tl Voids 13.2 11.2 33.2 24.2 19.1 l'l 
;0 
0 
l'l 
Z 
>-l 
'tl 
;0 
0 
'tl 
0 
~ (3 
z 
[JJ 
tI 
l'l 
>-l 
l'l 
;0 
is: 
Z 
~ (3 
z 
[JJ 

Appendix F 
X-ray fluorescence analysis 
F.l Sample preparation 
Any visible alteration was removed from the rock samples, which were crushed first with a hydraulic 
rock splitter and then with a hydraulic crusher (both have tungsten carbide jaws). Approximately 
one kilogram of rock sample, when available, was ground to a fine powder in a tungsten carbide 
concentric ring mill, or for a small sample size in a tungsten carbide ball mill. All equipment was 
thoroughly cleaned between samples. The sample powders were thoroughly homogenised to ensure 
representative sample fractions for further treatment. 
Major elements were analysed using lithium tetraborate fusion beads prepared from the rock 
samples, following the method as given by NORRISH & HUTTON (1969) and modified by HARVEY 
et at. (1973). 
Trace elements were measured on pressed powder pellets bound with 7% aqueous polyvinyl 
alcohol and ca. 20 drops of PYA Mowiol solution. 
F.2 Operating conditions and data quality 
XRF analyses were done using a Phillips PW 1400 X~ray spectrometer at the University of Can-
terbury following the techniques of N ORRISH & HUTTON (1969) and HARVEY et at. (1973) for 
major elements and N ORRISH & CHAPPELL (1977) for minor elements. The X~ray spectrometer 
was regularly calibrated by Stephen Brown on a set of 35 international standards. The fusion beads 
were irradiated using a 3 kW Sc~tube (at 50 kV, 50 rnA). For the analyses of Zr, Nb, Ba, Ni, Cr, 
V, La, Ce, and Nd the pressed powder pellets were irradiated using a 3 kW Au~tube (at 60 kV, 45 
rnA), and for analyses of Rb, Sr, Y, Pb, Th, and Ga using a 3 kW Mo-tube (at 90 kV, 30 rnA). 
Estimates for XRF precisions for the University of Canterbury routine laboratory detection 
limits are given in WEAVER et at. (1990b). Only major element analysis with totals of 99.5 ± 1.0 
wt~% were accepted. In the following tables major element analyses are on a hydrous basis, but 
they are recalculated on an anhydrous basis in all figures. Total iron is given as Fe203. 
471 
F.3 Results of XRF analyses for all samples » "rj 
"rj 
t7J 
Z 
tJ 
X 
:'l 
N gongotaha Dome x 
I 
Sample NQ-l NQ-2 NQ-3 NQ-6 NQ-7 NQ-8 NQ-9 NQ-IO NQ-ll NQ-12 NQ-14a NQ-14b NQ-15 NQ-16 ;!1 
Lab-No 27530A 27542A 27543A 27497B 27455A 27471C 27457A 27475A 27479A 27498C 27531B 27532B 27481A 27478A ~ 
'"'1 
t"' 
c:: 
0 
Si02 73.61 75.08 74.48 75.43 74.58 74.97 74.19 74.46 74.87 75.49 75.68 75.66 74.97 75.08 
;!1 
t7J 
CJJ 
Ti02 0.18 0.21 0.20 0.19 0.22 0.21 0.22 0.19 0.17 0.21 0.20 0.22 0.20 0.22 0 t7J 
Ab 0 3 12.92 13.15 13.02 13.11 13.03 13.08 13.70 12.98 13.13 13.25 13.21 13.18 13.26 13.29 z 0 
Fe203 1.74 1.76 1.76 1.80 
t7J 
1.81 1.77 1.75 1.79 1.80 1.81 1.78 1.75 1.79 1.76 » 
MnO 0.06 0.06 0.05 0.07 0.05 0.06 0.22 0.06 0.06 0.05 0.06 0.06 0.06 0.06 z » 
MgO 0.19 0.22 0.20 0.19 0.20 0.21 0.18 0.23 0.20 0.19 0.22 0.22 0.20 0.22 ~ CJJ 
CaO 1.12 1.13 1.13 1.15 1.16 1.13 1.08 1.11 1.11 1.08 1.14 1.14 1.10 1.11 til 
Na20 4.40 4.59 4.61 4.57 4.57 4.70 4.48 4.66 4.40 4.62 4.60 4.68 4.62 4.65 
K20 3.29 3.31 3.18 3.42 3.39 3.24 3.47 3.23 3.64 3.38 3.31 3.30 3.31 3.19 
P 20 5 0.03 0.03 0.03 0.03 0.03 0.04 0.30 0.02 0.04 0.02 0.03 0.03 0.03 0.02 
""" 
LOr 1.14 -0.13 0.17 0.49 0.04 0.20 0.10 0.87 0.07 0.07 0.27 0.00 . 0.41 0.56 
-l ~ 98.68 99.41 98.83 100.43 99.08 99.59 99.41 99.61 99.48 100.17 100.50 100.23 99.95 100.17 tV 
Cr <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Ni 3 4 4 4 <3 <3 <3 <3 <3 3 3 3 <3 <3 
V 10 11 11 10 10 11 8 10 10 11 11 10 10 10 
Pb 19 22 25 18 18 14 27 16 28 14 19 19 16 22 
Zn 50 55 62 46 42 53 140 42 49 43 48 46 37 41 
Rb 105 107 106 105 110 101 97 107 125 124 100 102 113 97 
Ba 784 810 792 784 778 787 833 776 788 818 809 805 809 771 
Sr 83 83 85 84 88 85 87 83 86 83 83 84 84 84 
Ga 14 14 14 15 15 15 16 15 17 14 16 16 15 15 
Nb 7 7 8 9 10 10 10 9 9 8 9 8 10 10 
Zr 210 210 206 211 220 215 215 214 219 213 213 213 216 212 
Y 35 31 34 34 34 33 62 32 35 34 34 35 33 29 
Th 13 13 13 13 13 12 12 13 13 12 13 13 12 12 
La 28 28 29 29 32 31 44 30 32 29 29 28 31 28 
Ce 58 58 62 61 60 66 95 68 65 69 63 62 63 51 
Nd 33 26 22 29 33 29 60 32 31 33 37 36 31 28 
Ngongotaha Dome 
Sample NQ-18 NQ-19 NQ-20 NQ-21 NQ-21* NQ-22 NQ-23 NQ-24 NQ-25 NQ-26 NQ-27 NQ-28 NQ-29 NQ-30 
Lab-No 27469A 27472A 27453A 27533A 27464A 27438A 27477A 27441B 27468B 27437A 27534A 27456A 27483A 27435B 
Si02 73.67 75.21 74.35 74.81 74.22 74.27 74.85 75.39 74.77 74.68 75.05 75.39 74.95 75.48 
Ti02 0.22 0.20 0.18 0.22 0.22 0.22 0.18 0.21 0.20 0.21 0.21 0.21 0.22 0.22 
Ah03 13.29 13.20 12.97 13.13 12.94 13.06 13.14 13.22 13.20 13.16 13.05 13.10 12.98 13.10 
Fe203 1.83 1.75 1.81 1.70 1.74 1.74 1.78 1.83 1.75 1.77 1.77 1.78 1.78 1.77 
MnO 0.04 0.06 0.05 0.05 0.05 0.06 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.05 
MgO 0.20 0.20 0.14 0.16 0.21 0.21 0.21 0.18 0.20 0.18 0.21 0.20 0.23 0.22 
CaO 1.03 1.05 1.06 1.10 1.10 1.13 1.14 1.10 1.14 1.13 1.12 1.13 1.12 1.13 
Na20 4.61 4.54 4.56 4.66 4.33 4.57 4.55 4.57 4.55 5.08 4.35 4.53 4.54 4.66 
K 20 3.28 3.28 3.24 3.17 3.42 3.21 3.43 3.39 3.29 3.49 3.71 3.36 3.37 3.29 
P 20 5 0.02 0.03 0.02 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 
Lor 0.47 0.11 0.44 0.23 1.37 1.37 0.97 0.42 0.48 0.06 0.93 0.17 0.50 0.07 
..,. ~ 98.66 99.64 98.83 99.27 99.64 99.87 100.33 100.39 99.68 99.85 100.49 99.98 99.78 100.04 
-l 
"" Cr <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Ni <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
V 11 8 10 10 8 10 8 11 9 10 11 10 9 10 
"l 
Pb 17 11 19 22 20 21 22 17 18 16 18 21 19 16 ?o 
Zn 37 36 32 40 46 45 46 31 44 41 48 40 40 38 ::0 i:'l 
Rb 121 106 105 93 106 107 106 101 107 118 116 110 112 93 [JJ c::: 
Ba 805 820 826 766 784 793 783 799 790 799 771 769 810 768 Sl [JJ 
Sr 85 84 86 84 83 86 83 86 85 83 82 84 83 84 0 
"l 
Ga 16 15 15 16 16 14 14 15 14 15 16 15 15 16 x 
::0 
Nb 10 10 9 8 10 10 9 9 10 10 8 9 10 11 "l :.-
Zr 216 217 217 211 220 215 218 223 220 216 210 215 217 214 z :.-y 46 29 36 32 33 33 32 24 33 33 33 34 33 34 f< 
[JJ 
Th 14 12 13 12 12 13 14 12 12 13 13 12 12 13 i:'l [JJ 
La 25 32 33 31 32 34 30 28 28 33 28 30 32 30 "l 0 
Ce 51 67 72 68 68 67 63 52 60 63 64 59 66 70 ::0 :.-
Nd 18 29 51 30 32 38 32 26 36 32 29 29 29 31 t""' t""' 
[JJ 
:.-;;:: 
'tl 
t""' 
i:'l 
[JJ 
» 
'Tl 
'Tl 
tTl 
Z 
t:l 
Ngongotaha Dome >< :'l 
Sample NQ-31a NQ-31b NQ-32 NQ-33 NQ-34a NQ-34b NQ-36 NQ-37 NQ-38 NQ-39 NQ-40 NQ-41 NQ-42 NQ-43 x 
Lab-No 27473A 27474A 27484A 27467A 27499A 27485A 27486A 27487B 27470A 27535B 27466B 27500A 27465A 27536:8 I iD ~ 
." 
t""' 
Si02 75.37 74.97 75.31 74.56 75.35 75.01 74.86 75.52 74.25 75.45 75.35 74.51 74.31 72.85 c:: 0 
Ti02 0.23 0.19 0.23 0.22 0.24 0.21 0.21 0.20 0.18 0.19 0.22 0.20 0.22 0.19 iD tTl 
Ah 0 3 13.28 13.00 13.35 13.03 13.01 12.96 13.12 13.05 
[JJ 
13.22 13.00 13.15 13.15 13.15 13.24 0 tTl 
Fe203 1.78 1.79 1.69 1.76 1.78 1.78 1.78 1.75 1.75 1.78 1.78 1.75 1.79 5.10 z 0 
MnO 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.06 0.05 tTl » 
MgO 0.26 0.24 0.20 0.18 0.23 0.19 0.19 0.21 0.19 0.22 0.21 0.22 0.24 0.16 z » 
CaO 1.17 1.14 1.12 1.08 1.13 1.14 1.12 1.13 1.15 1.13 1.14 1.11 1.12 1.00 ~ [JJ 
Na20 4.65 4.58 4.67 4.54 4.69 4.64 4.90 4.62 4.60 4.59 4.60 4.56 4.53 4.48 Ui 
K 2 0 3.32 3.28 3.31 3.31 3.24 3.28 2.80 3.27 3.24 3.35 3.37 3.26 3.30 3.17 
P 20 5 0.04 0.04 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.03 0.04 0.02 0.03 0.05 
Lor 0.19 0.13 0.33 0.30 0.33 0.46 0.36 0.32 0.37 0.46 0.03 0.20 0.02 0.36 
.;::. ~ 100.34 99.42 100.30 99.07 100.31 99.81 99.31 100.25 98.78 100.42 99.93 99.02 98.88 100.46 
-:r 
.;::. 
Cr <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 3 
Ni <3 <3 <3 <3 <3 <3 <3 <3 <3 4 <3 3 <3 4 
V 11 9 11 9 12 9 10 9 10 11 10 10 9 9 
Pb 10 14 12 16 17 20 17 16 17 27 16 20 16 23 
Zn 19 34 24 39 52 38 40 42 36 49 37 40 33 40 
Rb 107 108 98 105 105 100 102 100 114 110 102 102 104 91 
Ba 746 758 817 773 783 776 775 794 782 771 804 808 792 889 
Sr 82 83 85 84 82 84 83 85 85 84 84 85 85 101 
Ga 16 16 16 15 14 16 14 15 15 17 15 15 15 17 
Nb 9 9 8 10 8 9 10 9 10 9 9 9 9 8 
Zr 214 219 208 214 210 218 217 216 214 212 221 210 215 198 
Y 32 32 29 36 35 33 33 33 33 33 33 33 35 61 
Th 13 12 12 12 12 13 14 13 11 13 13 12 14 15 
La 24 29 28 31 29 30 31 32 32 27 31 28 32 80 
Ce 60 60 47 61 67 56 59 63 63 59 62 54 66 96 
Nd 29 28 21 31 27 28 33 32 33 30 34 32 28 67 
Ngongotaha Dome 
Sample NQ-44 NQ-45 NQ-47 NQ-48 NQ-49 NQ-50 NQ-51 NQ-52 NQ-53 NQ-54 NQ-55 NQ-56 NQ-56* NQ-57 
Lab-No 27440A 27537B 27538A 27501A 27458B 27539C 27544B 27545B 27546A 27547A 27548B 27454A 27540A 27541A 
Si02 75.41 74.30 70.18 75.22 75.30 74.45 74.63 74.87 75.18 74.80 74.39 74.59 66.67 73.94 
Ti02 0.22 0.20 0.22 0.19 0.22 0.23 0.20 0.19 0.22 0.22 0.21 0.19 0.32 0.20 
Ah 0 3 13.18 12.90 15.65 13.13 13.08 13.00 12.99 13.03 13.23 13.17 13.04 13.14 17.84 13.39 
Fe203 1.74 1.73 2.15 1.76 1.77 1.77 1.75 1.76 1.78 1.73 1.76 1.75 2.44 1.82 
MnO 0.06 0.06 0.07 0.05 0.06 0.06 0.07 0.06 0.06 0.06 0.06 0.06 0.10 0.06 
MgO 0.19 0.18 0.19 0.21 0.22 0.22 0.22 0.20 0.22 0.21 0.21 0.21 0.20 0.20 
CaO 1.13 1.12 1.07 1.13 1.12 1.12 1.12 1.14 1.14 1.12 1.12 1.14 1.10 1.09 
Na20 4.71 4.62 4.11 4.54 4.62 4.45 4.53 4.56 4.62 4.54 4.52 4.55 3.67 4.36 
K20 3.30 3.15 2.91 3.45 3.38 3.54 3.27 3.32 3.32 3.27 3.29 3.24 2.60 3.32 
P 20 5 0.02 0.03 0.02 0.03 0.04 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.03 
LOI 0.16 1.15 3.79 0.71 0.69 1.02 0.86 0.83 0.36 0.83 1.64 0.44 5.26 0.57 
;j:>. ~ 100.13 99.45 100.36 100.42 100.50 99.98 99.66 99.99 100.16 99.99 100.27 99.34 100.24 98.98 
-.:J 
~ 
Cr <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Ni <3 3 3 3 <3 3 3 <3 3 4 <3 <3 4 <3 
V 10 10 8 10 10 10 10 11 11 11 11 10 8 11 
'" Pb 16 19 23 18 18 41 19 19 21 20 24 21 26 18 ~
Zn 26 47 66 43 41 58 44 50 51 52 50 47 73 51 ;Xl t<J 
Rb 120 103 96 118 118 106 105 106 108 102 106 106 90 104 (j] c 
Ba 797 773 1020 808 786 798 796 800 803 827 833 801 1140 791 Sl (j] 
Sr 85 83 89 83 83 82 84 83 81 83 83 84 86 84 0 
'" Ga 14 15 17 14 13 15 15 15 16 16 16 15 19 15 x ;Xl 
Nb 9 8 10 8 10 7 8 8 7 8 7 11 13 9 '" ;.. 
Zr 206 209 245 208 217 211 210 210 213 218 211 216 300 212 z ;t-
y 34 32 35 32 33 34 33 34 33 35 33 33 37 32 ~ 
Th 
(j] 
11 13 15 13 13 13 11 12 12 13 12 13 18 14 t<J (j] 
La 28 28 34 29 33 28 28 30 31 31 30 31 48 27 '" 0 
Ce 56 65 76 58 68 54 60 64 66 62 72 58 109 53 ;Xl ;.. 
Nd 37 24 32 30 28 32 26 32 28 29 32 34 39 31 I:"' I:"' 
(j] 
;.. 
;;: 
'1j 
I:"' 
t<J (j] 
> 
'"tl 
'"tl 
i:'l 
Z 
t) 
Ngongotaha Dome Mount Tarawera Volcanic Complex >< ;; 
Sample NQ-58 NQ-59 NQ-60 I TW-l TW-2a TW-2h TW-3 TW-4 TW-5a TW-6 TW-7 TW-8 TW-9 TW-I0 >< 
Lab-No 27439A 27436B 27476A 27490A 27502A 27503A 27491A 27504A 27492A 27505B 27506A 27493B 27494A 27507A I ~ ~ 
OJ 
t"' 
Si02 73.42 73.98 75.15 75.06 75.25 76.05 74.64 76.39 74.06 76.11 73.66 75.78 75.83 76.28 q 0 
Ti02 0.21 0.22 0.21 0.23 0.23 0.23 0.25 0.23 0.23 0.21 0.22 0.21 0.25 0.19 ~ i:'l 
Ah 0 3 13.00 12.85 13.19 12.67 12.85 12.99 12.64 13.01 13.03 
(JJ 
12.71 13.18 13.06 12.92 12.98 0 i:'l Fe2 03 1.75 1.74 1.77 1.57 1.58 1.51 1.56 1.56 1.58 1.67 1.39 1.58 1.56 1.40 z 0 
MnO 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.02 0.06 0.07 i:'l > 
MgO 0.22 0.21 0.22 0.30 0.30 0.32 0.29 0.29 0.31 0.38 0.29 0.25 0.29 0.25 z > 
CaO 1.11 1.12 1.12 1.37 1.33 1.34 1.33 1.37 1.33 1.63 1.29 1.35 1.39 1.23 ~ (JJ 
Na20 4.41 4.42 4.62 4.11 4.22 4.28 4.11 4.22 4.07 4.12 3.86 4.17 4.23 4.31 tii 
K20 3.29 3.32 3.28 3.02 3.10 3.11 3.08 3.19 3.06 2.88 3.08 3.16 3.11 3.09 
P 20 5 0.03 0.04 0.02 0.04 0.04 0.03 0.04 0.04 0.04 0.05 0.02 0.03 0.05 0.04 
Lor 2.47 1.86 0.20 1.54 0.30 0.53 0.83 -0.10 2.01 -0.13 2.71 0.52 0.30 0.20 
..,. I; 99.96 99.81 99.84 99.96 99.25 100.43 98.90 100.44 99.42 100.04 99.51 100.08 100.07 100.08 
--l 
0") 
Cr <3 <3 <3 <3 3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Ni <3 <3 <3 <3 3 <3 <3 4 <3 <3 <3 <3 <3 4 
V 9 10 9 13 14 14 14 14 14 19 14 15 12 14 
Pb 52 17 17 12 14 16 15 14 14 14 17 14 17 18 
Zn 68 45 43 31 35 34 31 33 32 36 36 15 30 34 
Rb 106 106 106 103 105 102 106 110 103 96 103 102 103 101 
Ba 781 766 782 868 896 872 864 882 869 808 890 852 861 861 
Sr 82 82 81 113 111 113 112 112 110 127 111 116 116 110 
Ga 15 15 15 12 14 13 12 13 13 13 13 12 14 13 
Nb 9 9 10 7 5 7 7 6 6 6 6 6 7 6 
Zr 211 215 218 145 137 136 143 142 140 136 138 141 137 140 
Y 33 32 33 23 23 21 24 24 23 20 22 23 24 25 
Th 11 12 14 12 11 11 12 12 12 10 13 11 12 11 
La 31 31 32 25 24 25 26 25 27 21 24 28 27 26 
Ce 63 65 62 49 48 48 48 45 54 43 46 53 60 54 
Nd 38 32 33 25 20 21 23 26 24 22 19 21 23 21 
Mount Tarawera Volcanic Complex 
Sample TW-ll TW-12 TW-13 TW-14a TR-l TR-2 TR-3 TR-4 TR-4* TR-5 TR-6 TR-9 TR-IO TR-ll 
Lab-No 27508A 27509B 27495A 27496A 27511B 27527A 27512A 27489A 27549B 27550B 27551B 27513A 27514A 27515A 
Si02 75.85 76.28 74.20 75.46 75.37 75.23 75.96 74.49 74.33 74.97 71.70 76.65 74.74 75.26 
Ti02 0.22 0.20 0.25 0.26 0.22 0.20 0.23 0.24 0.21 0.20 0.19 0.18 0.25 0.22 
Alz03 12.96 12.82 12.66 12.64 12.94 12.80 13.09 12.76 12.41 12.74 12.48 12.65 13.34 13.12 
Fe203 1.61 1.49 1.60 1.44 1.39 1.53 1.54 1.56 2.42 1.52 4.19 1.00 1.32 1.54 
MnO 0.06 0.06 0.06 0.06 0.05 0.05 0.06 0.06 0.06 0.06 0.04 0.05 0.06 0.05 
MgO 0.29 0.25 0.29 0.26 0.28 0.30 0.31 0.30 0.37 0.27 0.25 0.13 0.27 0.29 
CaO 1.29 1.20 1.34 1.32 1.32 1.33 1.35 1.33 1.24 1.44 1.09 1.28 1.16 1.28 
Na20 4.15 4.17 4.09 4.10 4.19 4.17 4.22 4.13 3.59 3.95 3.43 4.15 3.59 4.18 
K 2 0 3.18 3.30 3.06 3.08 3.17 3.14 3.17 3.12 3.25 3.09 2.84 3.06 3.07 3.15 
P 20 5 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.06 0.07 0.06 0.04 0.03 0.04 
LOI 0.84 0.42 1.74 0.97 0.83 0.70 0.04 1.87 2.53 1.90 2.74 0.53 2.16 1.35 
~ ~ 100.50 100.23 99.34 99.63 99.79 99.49 100.00 99.63 100.47 100.22 99.02 99.73 100.00 100.49 
"'I 
"'I 
Cr <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Ni 3 3 <3 <3 3 3 3 <3 4 4 3 <3 4 4 
V 14 14 12 12 14 14 13 12 16 15 14 12 16 13 
"" Pb 23 13 14 16 14 15 16 15 11 17 16 16 16 16 ~
Zn 42 28 32 31 34 36 36 33 49 39 43 30 33 35 :<I i:':I 
Rb 107 111 102 104 112 112 105 104 104 101 95 100 105 104 Ul c: 
Ba 882 889 859 859 911 888 895 859 801 844 777 872 844 930 ~ Ul 
Sr 104 98 109 108 111 109 110 111 104 117 93 109 105 118 0 
"" Ga 14 13 13 13 14 14 14 13 14 13 12 14 13 13 x 
:<I 
Nb 6 5 7 7 7 6 6 7 10 5 5 5 6 5 "" ;..
Zr 130 130 140 143 134 134 133 138 141 131 126 143 136 144 z ;.. 
y 24 24 24 24 22 22 23 24 19 22 23 22 22 26 ~ 
Th 
Ul 
11 12 11 13 12 12 12 13 11 12 13 13 12 13 i:':I Ul 
La 26 23 28 26 25 23 23 28 18 22 25 24 32 26 "" 0 
Ce 54 48 51 50 53 49 52 54 50 52 50 60 81 54 :<I ;.. 
Nd 20 26 23 20 26 23 26 25 18 24 18 23 45 27 t"' t"' 
Ul 
;.. 
;s:: 
OJ 
t"' 
i:':I 
Ul 
» 
'1l 
'1l 
t<J 
Z 
t) 
Mount Tarawera Volcanic Complex ~ :"J 
Sample TR-12 TR-13 TR-14 TR-15 TR-16 TR-17 TR-19 TR-20 TR-21 TR-22 TR-23 TR-24 TC-l T-8 x 
Lab-No 27516B 27517B 27518B 27519A 27520B 27528B 27521A 27522A 27523B 27524B 27525B 27526B 27510A 27529B I ~ ~ 
"1 
t-< 
Si02 76.27 74.89 75.90 75.26 74.74 46.68 75.85 75.69 75.34 76.52 76.19 75.91 75.85 75.29 c:: 0 
Ti02 0.23 0.23 0.23 0.25 0.26 0.23 0.17 0.21 0.19 0.20 0.21 0.28 0.25 0.26 ~ i'l [fJ 
A120 3 12.90 12.88 12.90 12.86 12.73 21.60 12.86 12.63 12.96 12.78 13.10 12.94 13.19 12.85 0 t<J 
Fe203 1.63 1.54 1.60 1.54 1.56 10.50 1.56 1.53 1.57 1.49 1.58 1.58 1.64 1.66 z 0 
MnO 0.06 0.06 0.03 0.07 0.06 0.02 0.06 0.07 0.06 0.06 0.06 0.07 0.07 0.06 t<J » 
MgO 0.26 0.31 0.24 0.31 0.32 0.11 0.29 0.27 0.31 0.27 0.31 0.30 0.32 0.30 z » 
CaO 1.25 1.26 1.40 1.35 1.35 0.81 1.24 1.19 1.39 1.25 1.41 1.36 1.38 1.33 ~ [fJ 
Na20 3.31 3.73 4.29 4.17 4.07 2.28 4.23 4.18 4.25 4.22 4.33 4.15 4.24 4.06 fjj 
K20 3.14 3.13 3.20 3.10 3.16 3.01 3.22 3.23 3.07 3.20 3.18 3.17 3.15 3.12 
P 20 5 0.04 0.05 0.05 0.04 0.05 0.22 0.04 0.03 0.04 0.03 0.04 0.04 0.05 0.04 
LOI 1.27 0.98 0.16 1.07 1.97 5.66 0.79 1.44 1.31 0.09 -0.16 0.46 -0.10 0.29 
""" 
~ 100.37 99.05 100.01 100.01 100.26 98.50 100.30 100.47 100.49 100.12 100.25 100.26 100.04 99.26 
-l (Xl
Cr <3 <3 <3 <3 <3 7 <3 <3 <3 <3 <3 <3 <3 <3 
Ni 3 3 4 3 3 3 3 3 4 <3 3 3 3 4 
V 14 14 13 14 14 86 14 13 14 14 15 15 15 15 
Pb 15 16 16 17 16 39 17 17 14 16 14 15 15 18 
Zn 37 43 31 38 39 63 38 38 36 30 30 38 38 39 
Rb 106 105 107 103 106 76 110 110 105 104 103 104 106 104 
Ba 906 881 900 897 903 737 923 908 887 890 893 903 907 935 
Sr 110 116 107 111 109 261 102 97 114 103 115 111 113 114 
Ga 15 13 14 14 14 32 13 13 12 13 13 14 14 15 
Nb 7 5 5 5 6 4 6 6 6 6 6 6 6 6 
Zr 135 137 133 137 136 92 129 128 134 129 138 140 146 139 
Y 23 25 21 22 23 13 24 23 24 22 23 24 24 23 
Th 12 12 12 11 12 14 13 13 13 12 12 12 12 12 
La 25 26 25 23 24 21 25 25 24 24 25 26 25 23 
Ce 49 51 46 51 46 32 44 53 50 46 49 58 48 43 
Nd 20 22 28 30 27 14 26 22 22 23 18 26 29 22 
Mount Somers Volcanics 
Salllple MS-l MS-2 MS-3 MS-4 MS-5 MS-6 MS-7 MS-8 MS-9 MS-IO MS-ll MS-12 MS-13 MS-14 
Lab-No 27572A 27573B 27574A 27575B 27576A 27577A 27578B 27579B 27580A 27581A 27582A 27583B 27584B 27585A 
Si02 73.07 71.40 71.61 71.92 71.75 73.70 73.78 73.91 73.37 74.04 72.27 73.81 73.16 74.10 
Ti02 0.22 0.28 0.23 0.28 0.29 0.23 0.21 0.20 0.21 0.21 0.19 0.22 0.20 0.21 
Ah03 14.32 14.19 14.35 14.36 14.01 14.42 14.07 13.97 14.18 14.39 14.10 14.62 14.02 14.34 
Fe2 0 3 1.68 3.56 3.12 2.23 3.20 1.77 1.48 0.96 2.17 1.05 2.59 0.73 2.23 0.75 
MnO 0.02 0.02 0.02 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.02 0.01 
MgO 0.12 0.18 0.18 0.12 0.22 0.09 0.11 0.05 0.11 0.11 0.11 0.10 0.14 0.07 
CaO 1.32 1.41 1.39 1.19 1.48 1.16 0.97 1.01 1.23 1.27 1.27 1.11 1.26 1.14 
Na20 3.27 3.14 3.25 2.87 3.16 3.15 2.74 2.99 3.13 3.25 3.19 3.03 3.16 3.12 
K 2 0 5.50 5.30 5.44 5.47 5.07 5.45 5.45 5.47 5.45 5.54 5.34 5.58 5.38 5.43 
P20 5 0.06 0.08 0.08 0.07 0.09 0.05 0.06 0.04 0.06 0.06 0.06 0.05 0.06 0.05 
Lor 0.57 0.50 0.50 0.84 0.23 0.40 0.76 0.40 0.43 0.13 0.07 1.19 0.63 0.80 
""" 
~ 100.15 100.05 100.16 99.38 99.54 100.43 99.63 99.00 100.34 100.05 99.20 100.46 100.26 100.01 
--1 
CD 
Cr <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Ni 4 5 4 4 7 3 4 4 4 4 4 4 <3 4 
V 8 9 8 10 10 7 9 7 9 8 8 8 7 7 >oj 
Pb 34 34 33 43 41 42 42 40 38 42 42 42 41 42 ~ 
Zn 65 66 67 65 92 58 43 30 71 63 63 38 64 40 ::<J t>j 
Rb 224 212 214 220 212 229 229 235 224 228 225 229 226 235 Ul c:: 
Ba 1164 1230 1319 1235 1072 1100 1097 1051 1079 1135 1134 1145 1099 1014 ~ Ul 
Sr 113 126 126 118 122 103 99 95 106 112 109 109 108 98 0 >oj 
Ga 22 22 22 23 22 22 23 23 22 22 23 23 22 23 x 
::<J 
Nb 13 14 15 15 15 13 14 14 13 115 13 15 13 14 >oj 
» 
Zr 246 322 313 322 359 234 230 227 242 246 231 253 239 227 z » y 58 56 59 54 66 49 40 48 63 59 56 55 52 42 ~ 
Ul 
Th 28 26 25 27 24 28 27 27 26 26 26 28 28 29 t>j Ul 
La 80 75 75 75 67 81 73 95 83 87 78 112 80 81 >oj 0 
Ce 157 154 158 153 136 173 156 193 183 173 155 207 168 170 ::<J » 
Nd 68 65 65 70 60 77 65 86 72 72 63 92 73 79 t' I:"' 
Ul 
» g: 
'"0 
~I:"' 
t>j 
Ul 
;.. 
>tI 
>tI 
I:'J 
Z 
ti 
Mount Somers Volcanics >< :'l 
SaIllple MS-15 MS-16 MS-17 MS-18 MS-19 MS-20 MS-21 MS-22 MS-23 MS-24 MS-25 MS-26 MS-27 MS-28 ~ 
Lab-No 27586A 27587A 27588B 27589B 27590B 27591A 27592A 27593B 27594A 27595B 27596A 27597A 27598A 27599A I ::0 ~ 
OJ 
t""' 
Si02 74.03 73.90 73.66 76.07 76.02 76.58 72.51 76.10 77.34 76.92 76.22 76.67 76.02 75.61 c:: 0 
Ti02 0.18 0.17 0.21 0.12 0.15 0.11 0.20 0.14 0.12 0.13 0.12 0.14 0.13 0.12 ::0 I:'J 
Ah 0 3 14.38 12.44 
rn 
14.07 14.28 12.61 12.85 12.61 14.06 12.63 11.54 12.69 12.63 12.46 12.49 0 I:'J 
Fe203 1.15 0.84 0.46 1.49 1.60 1.67 1.62 1.48 1.26 1.29 2.13 1.62 1.70 1.81 z 0 
MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 I:'J ;.. 
MgO 0.06 0.12 0.06 0.08 0.07 0.09 0.10 0.08 0.14 0.10 0.19 0.21 0.18 0.12 z ;.. 
CaO 1.05 1.07 1.00 0.87 0.91 0.91 1.17 0.88 0.58 0.89 0.87 0.78 0.82 0.85 ~ rn 
Na2 0 3.05 2.86 2.92 2.97 3.05 2.98 3.05 2.92 2.28 2.96 2.68 2.71 2.75 2.90 Ul 
K20 5.55 5.57 5.62 4.97 4.96 4.94 5.49 5.04 5.18 5.05 5.01 5.10 5.18 5.03 
P 20 5 0.04 0.05 0.05 0.03 0.03 0.04 0.05 0.04 0.03 0.04 0.04 0.03 0.02 0.03 
LOI 0.54 0.50 0.88 0.36 -0.16 0.16 0.60 0.13 1.49 0.42 0.50 0.73 0.44 0.26 
~ 2; 100.05 99.16 99.13 99.59 99.48 100.10 98.85 99.44 99.98 100.50 100.40 100.46 99.73 99.19 
00 
0 
Cr <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Ni 4 4 4 3 4 4 4 4 4 4 3 4 3 4 
V 7 7 3 9 9 11 10 10 11 12 11 10 10 10 
Pb 41 34 36 35 34 35 34 39 37 40 36 37 35 39 
Zn 48 48 36 65 60 52 45 33 45 43 64 63 35 54 
Rb 233 232 228 245 248 247 229 252 248 251 252 254 254 258 
Ba 1112 1100 1147 511 512 486 1065 473 434 487 462 462 468 477 
Sr 102 101 104 60 60 59 107 59 51 58 58 66 64 59 
Ga 21 23 22 22 23 21 23 22 21 23 22 22 20 23 
Nb 14 13 14 13 13 13 14 13 13 14 12 12 14 14 
Zr 237 239 254 141 140 140 240 142 131 140 139 138 142 141 
Y 45 74 95 34 35 31 58 30 35 29 35 39 35 31 
Th 28 26 28 28 29 30 30 28 28 28 26 26 26 27 
La 80 126 207 66 64 51 94 61 65 46 55 47 61 46 
Ce 164 199 188 124 128 101 159 120 125 100 109 100 119 95 
Nd 75 114 179 67 65 58 76 67 73 56 57 54 59 47 
Mount Somers Volcanics 
SaIIlple MS-29 MS-30 MS-31 MS-32 MS-33 MS-34 MS-35 MS-36 MS-37 MS-38 MS-39 MS-40 MS-41 MS-42 
Lab-No 27600A 27601A 27602B 27603C 27604A 27605A 27606A 27607A 27608A 27609B 27610A 27611C 27612A 27613A 
Si02 76.61 78.08 76.66 77.07 73.65 72.87 76.07 74.43 75.47 74.88 75.60 76.08 75.84 73.98 
Ti02 0.11 0.12 0.12 0.14 0.17 0.24 0.14 0.16 0.16 0.16 0.13 0.14 0.13 0.19 
A12 0 3 12.53 11.15 12.61 11.07 14.37 14.59 12.41 14.04 13.93 13.78 13.92 13.46 13.06 14.77 
Fe2 03 1.42 1.52 0.94 1.69 1.38 1.37 1.72 1.42 0.58 0.84 0.98 1.04 1.57 1.03 
MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
MgO 0.09 0.16 0.10 0.30 0.05 0.05 0.08 0.13 0.10 0.10 0.09 0.08 0.10 0.09 
CaO 0.80 0.56 0.79 0.74 1.07 0.99 0.79 0.97 0.78 1.04 0.75 0.83 0.89 0.94 
Na2 0 2.83 2.18 2.80 2.07 3.04 2.76 2.81 2.75 2.64 2.94 2.67 2.77 2.94 2.80 
K2 0 5.09 5.14 5.03 6.10 5.58 5.85 5.13 5.57 5.51 5.55 5.40 5.28 5.13 5.56 
P 2 0 5 0.02 0.04 0.03 0.04 0.05 0.07 0.03 0.06 0.04 0.05 0.04 0.04 0.03 0.06 
Lor -0.01 0.19 0.79 1.26 0.92 1.04 1.07 0.91 0.84 0.56 0.84 0.60 0.42 0.98 
..,. L; 99.48 99.15 99.88 100.50 100.28 99.82 100.26 100.45 100.05 99.91 100.44 100.33 100.13 100.42 
00 
f-' 
Cr <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Ni 4 3 4 4 4 4 4 5 4 4 4 4 4 4 
V 12 12 10 12 6 8 9 8 8 8 8 '7 8 7 
"'l 
Pb 39 34 40 31 39 38 37 37 37 36 38 39 38 38 ?> 
Zn 23 40 47 56 57 52 68 53 37 49 63 45 73 58 ~ I'j 
Rb 253 241 238 305 228 229 253 240 237 238 246 248 248 233 
[fJ 
c 
Ba 482 421 472 42 1104 1402 503 1011 957 963 715 687 611 1144 S3 [fJ 
Sr 57 50 57 57 106 117 56 95 83 90 75 70 64 104 0 "'l 
Ga 22 18 23 22 24 21 23 22 22 23 23 22 21 22 ><: ~ 
Nb 14 11 14 12 14 15 14 14 13 13 13 15 13 14 "'l >-
Zr 139 125 143 148 247 318 138 225 218 223 187 173 155 248 z >-
y 30 32 31 46 61 50 35 44 65 60 49 42 36 56 ~ [fJ 
Th 27 24 26 23 26 26 27 27 27 27 27 27 29 27 I'j [fJ 
La 53 49 52 50 127 84 71 79 95 84 87 117 84 94 "'l 0 
Ce 113 99 101 108 189 137 147 155 126 147 154 133 146 144 ~ >-
Nd 57 48 58 55 98 68 61 61 94 76 88 120 78 80 t"' t"' 
[fJ 
>-:;:: 
."'0 
t"' 
I'j 
[fJ 
:>-
>tI 
>tI 
t'l 
Z 
t1 
Mount Somers Volcanics Gebbies Pass x ~ 
Sample MS-43 MS-44 MS-45 MS-46 MS-47 MS-48 MS-49 MS-50 MS-51 MS-52 MS-53 MS-54 I BP-OH-1 BP-OH-2 >< 
Lab-No 27614A 27615A 27616A 27617A 27618A 27619A 27620A 27621A 27622B 27623A 27624A 27625A 27631A 27632A I ::c ~ 
"l 
r 
Si02 74.15 75.65 76.55 74.14 71.19 74.00 75.44 76.61 76.23 75.56 75.79 75.09 76.07 73.92 c 0 
Ti02 0.21 0.19 0.10 0.12 0.13 0.14 0.11 0.12 0.11 0.13 0.13 0.12 0.27 0.13 ::c t'l 
Ah 0 3 13.82 13.86 12.45 12.35 14.17 13.14 
[Jl 
11.39 12.57 12.62 13.10 12.94 12.69 12.64 12.70 0 t'l 
Fe203 1.22 0.83 1.39 1.18 2.00 1.97 2.08 1.56 1.48 1.36 1.38 1.96 1.23 1.38 z 0 
MnO 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 t'l :>-
MgO 0.06 0.08 0.09 0.25 0.20 0.22 0.12 0.09 0.10 0.09 0.10 0.12 0.56 0.08 z :>-
CaO 0.90 1.06 0.67 1.18 0.95 1.22 0.72 0.89 0.53 0.20 0.83 0.63 0.64 0.52 ~ [Jl 
Na20 2.79 3.13 2.76 0.98 0.79 1.80 2.44 3.11 2.29 1.60 2.92 2.46 3.02 3.41 til 
K20 5.82 5.38 5.18 6.42 8.74 3.99 5.64 4.97 5.11 5.31 4.95 5.31 4.44 4.95 
P20 5 0.05 0.04 0.04 0.02 0.03 0.04 0.03 0.03 0.03 0.04 0.03 0.04 0.05 0.02 
LOI 0.76 0.17 0.30 3.48 2.09 5.37 0.90 0.26 1.26 1.68 0.56 1.30 1.04 3.29 
..,. ~ 99.80 100.38 99.54 100.13 100.30 100.14 100.06 100.26 100.24 98.92 99.38 100.18 99.97 100.42 
CXJ 
t-:l 
Cr <3 <3 <3 <3 8 <3 <3 <3 <3 <3 <3 3 26 <3 
Ni 4 4 4 4 5 4 4 <3 4 <3 3 5 7 4 
V 8 9 9 10 7 10 10 11 9 10 10 9 23 10 
Pb 39 40 38 36 27 33 39 40 39 37 36 36 28 37 
Zn 53 38 49 62 80 41 60 57 55 22 39 59 116 98 
Rb 245 240 250 250 319 234 258 244 255 263 249 257 281 328 
Ba 1047 869 562 507 348 525 521 532 461 440 468 532 97 26 
Sr 94 87 81 548 519 1031 59 59 51 41 57 56 43 9 
Ga 22 23 23 21 25 19 23 22 24 22 21 23 31 34 
Nb 14 15 13 14 15 14 13 14 14 15 13 12 62 61 
Zr 223 213 139 140 162 139 140 136 135 140 140 142 168 153 
Y 53 41 41 27 36 26 34 31 35 25 36 35 133 88 
Th 28 28 27 27 28 24 28 27 27 28 26 28 41 45 
La 79 71 83 60 80 65 45 59 98 73 59 72 91 46 
Ce 156 140 159 122 180 131 104 118 181 188 125 107 199 107 
Nd 69 59 71 67 80 69 53 61 90 76 71 73 117 57 
Gebbies Pass 
SaIllple BP-OH-3 BP-OH-4 BP-OH-5 BP-OH-6 BP-OOl BP-002 BP-003 BP-004 BP-005 
Lab-No 27633A 27634A 27635B 27636A 27626A 27627A 27628A 27629A 27630A 
Si02 76.43 74.25 76.88 76.50 76.73 77.08 76.31 76.26 76.42 
Ti02 0.16 0.11 0.10 0.11 0.10 0.10 0.11 0.10 0.12 
A120 3 12.65 12.39 12.50 12.41 12.35 11.86 12.68 12.54 12.84 
Fe203 1.36 1.10 1.13 1.41 1.39 1.48 1.61 1.76 1.03 
MnO 0.03 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 
MgO 0.23 0.06 0.22 0.20 0.15 0.11 0.15 0.15 0.10 
CaO 0.38 0.47 0.25 0.31 0.38 0.32 0.27 0.28 0.32 
Na20 3.49 3.32 3.47 3.25 3.64 3.29 3.23 3.30 3.62 
K20 4.99 5.19 4.89 4.70 4.69 4.78 4.84 4.87 4.87 
P 20 5 0.03 0.01 0.03 0.02 0.02 0.02 0.02 0.02 0.03 
LOI 0.33 3.35 0.89 1.01 0.73 0.87 1.06 0.96 0.70 
>l::- I: 100.08 100.27 100.38 99.94 100.20 99.93 100.28 100.26 100.06 
00 
~ 
Cr 5 <3 <3 <3 <3 4 <3 <3 <3 
Ni 4 3 4 4 3 3 4 4 4 
V 15 10 13 12 11 13 13 12 12 
"J 
Pb 32 37 34 28 31 32 30 26 31 ~ 
Zn 70 89 86 61 77 69 64 67 64 ::0 t'l 
Rb 335 342 350 338 333 336 338 344 338 [fJ c: 
Ba 37 22 40 28 36 34 31 40 25 ~ [fJ 
Sr 14 9 13 12 15 10 16 16 10 0 
"J 
Ga 34 33 35 36 34 35 35 34 36 x 
::0 
Nb 63 60 67 62 61 65 63 63 66 "J :> 
Zr 157 154 162 146 150 157 152 156 156 z :> y 81 88 38 31 54 49 33 40 34 ~ 
[fJ 
Th 45 43 45 44 46 44 40 42 47 t'l [fJ 
La 45 48 27 41 38 32 28 27 37 "J 0 
Ce 102 106 170 116 81 58 60 56 73 ::0 :> 
Nd 58 56 34 55 49 36 33 26 35 t"' t"' 
[fJ 
:> 
:s: 
'" t"' t'l 
[fJ 

Appendix G 
Electron microprobe analysis 
G.1 Sample preparation 
Polished thin sections (30 /-tm thick) were prepared by Rob Spiers at the University of Canterbury. 
Thin section areas containing spots for analysing were marked either by a circular rubber stamp 
using red ink (at the University of Otago) or a black water-proof pen. The areas were linked by a 
trace, and the entire thin section was then scanned with a slide scanner, to obtain a printout showing 
the trace map of spots to be analysed. Before carbon coating, the thin sections were cleaned with 
ethanol, xylol, and acetone in order to remove all traces of oil and grease contamination. Carbon 
coating was done at the two universities, to ensure the required coating thicknesses as established 
for the individual electron microprobe. 
G.2 Operating conditions 
Electron microprobe analyses (EMPA) were done at a JEOL JXA- 8600 'Superprobe' at the Uni-
versity of Otago, Dunedin, under the initial supervision of Dr. Y. Kawachi, and at a JEOL 733 at 
Victoria University of Wellington, under the initial supervision of Dr. J.E. Patterson. Operating 
conditions at both microprobes were the same: accelerating voltage of 15 kV and electron current 
of 20 nA. The diameter of the electron beam was typically between 1 and 3 /-tm for spot analyses 
of crystalline phases. To reduce alkali migration during analyses of glass a beam diameter of 30-50 
/-tm was used. In addition, the sample was slowly moved and the count time reduced (FROGGATT, 
1983). Standard ZAF correction procedures were used, as developed by the microprobe supervisors. 
G.3 Data quality 
Standards were always analysed at the beginning of each analysis session and thereafter every two 
to three hours. In general, two analyses per mineral grain were done, which typically covered a rim-
core situation. Acceptable element oxide totals for plagioclase, olivine, clinopyroxene are 100 ± 1 
wt-%, whereas data quality for hydrous minerals such as amphibole, biotite, and cordierite was 
assessed on the basis of cation totals. Lower detection limits (in wt-%) were typically as follows: 
(i) at the University of Otago-Si02 = 0.09, Ti02 = 0.10, Ah03 = 0.06, FeO = 0.14, MnO = 0.14, 
MgO = 0.09, CaO = 0.06, Na20 = 0.07, and K20 = 0.05; and (ii) at Victoria University-Si02 = 
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0.03, Ti02 = 0.06, Al20 3 = 0.03, FeO = 0.10, MnO = 0.10, MgO = 0.04, CaO = 0.05, Na20 = 
0.05, K20 = 0.05, SrO = 0.13, BaO = 0.25, NiO = 0.13, and F = 0.12. 
Stated iron oxide data are as originally analysed (total iron as FeO) which have been recal-
culated as Fe203 and FeO (and Fe3+ and Fe2+) for Fe-Ti oxide, amphibole and cordierite (after 
DROOP, 1987). For amphibole, biotite, and orthopyroxene, aluminium has been recalculated into 
AIIV and AlvI. Mineral recalculations on the basis of oxygens are as follows: plagioclase-32, 
orthopyroxene-6, ilmenite-6, magnetite-32, olivine-4, amphibole-23, cordierite-18, quartz-4, and 
biotite-20. End-member mol percentage of plagioclase (An-Ab- Or), orthopyroxene (En-Fs-Wo), 
olivine (Fa-Fo), magnetite (as spinel end-members, see Table G.1) and ilmenite (see Table G.1) 
were obtained either directly from the microprobe data output or were recalculated. Compositions 
of glasses and spherulites are given in terms of An-Ab-Or (Ca:Na:K ratio). Magnesium ratios 
[Mg#=100xMg/(Mg+Fe2+), with Fe2+ as total iron] have been calculated for orthopyroxene, am-
phibole, and olivine. 
Table G.l: Assignment of end-members of magnetite and ilmenite used in the appendix. Composition of magnetite 
is given in terms of spinel end-members, and composition of ilmenite in terms of orthorhombic oxide end-members. 
Mineral End-member Abbreviation Formula 
magnetite: magnetite Mt Fe2+Fe~+04 
ulvospinel Usp Fe~+Ti04 
jacobsite Jac MnFe~+04 
hercynite Hc Fe2+ Al20 4 
galaxite Gal MnAl20 4 
ilmenite: ilmenite Ilm FeTi03 
hematite Hem a-Fe20 3 
geikielite Gei MgTi03 
Mineral recalculations have been done using 'Petmin 3.0' (a program for igneous petrology 
developed by Prof. G. Nelson Eby, Department of Earth Sciences, University of Massechusetts, 
USA) and 'Mincalc2' (a program to calculate mineral compositions by Todd Dunn, Department 
of Geology, University of New Brunswick, Canada). All graphical plots based on EMP and XRF 
analyses were created with either 'NewPet' (by Daryl Clarke, Department of Earth Sciences, Cen-
tre for Earth Resources Research, Memorial University of Newfoundland, Canada), 'PetMin 3.0', 
'MinPet 2.0' (a 'Minerological and Petrological Processing System' by Linda R. Richard) or the 
'TernPlot' Excel macro (by Daniel Marshall, Department of Earth Sciences, Carleton University, 
Ottawa, Canada) and imported into CorelDraw 8.0 for final presentation. 
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G.4 Results of electron micro pro be analyses of plagioclase 
Ngongotaha Dome 
Sample NQ-20 NQ-24 
Crystal 1 1 2 3 4 5 5 6 6 1 1 2 2 2 3 3 
Spot core rim core core core core rim core rim core rim core zone nm core rim 
Si02 58.94 59.99 60.72 60.36 59.87 57.35 62.04 61.95 61.14 60.08 60.96 59.70 60.42 60.74 61.20 61.42 
Ti02 0.00 0.02 0.00 0.00 0.00 0.05 0.00 0.00 0.03 0.04 0.00 0.00 0.03 ,0.00 0.00 0.00 
Al2 0 3 26.28 25.68 24.88 25.36 26.08 27.47 24.80 24.39 24.85 26.01 25.13 26.08 24.93 25.30 25.64 25.22 
FeO 0.34 0.19 0.16 0.25 0.16 0.28 0.14 0.29 0.18 0.26 0.15 0.19 0.26 0.14 0.24 0.24 
MnO 0.00 0.04 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.06 0.02 0.02 0.03 
MgO 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 7.95 6.84 5.79 7.32 7.69 9.43 6.08 5.87 6.41 7.49 6.66 7.57 6.81 7.27 6.92 6.63 
Na2 0 6.56 7.19 7.21 7.07 6.85 6.08 7.61 7.46 7.51 6.31 6.65 6.39 6.97 6.42 6.50 6.48 
K2 0 0.20 0.39 0.43 0.33 0.26 0.22 0.33 0.46 0.33 0.35 0.53 0.52 0.54 0.39 0.50 0.69 
Total 100.27 100.33 99.24 100.69 100.91 100.90 101.00 100.43 100.45 100.53 100.10 100.48 100.02 100.29 101.02 100.70 0 !"-
!J:I 
H:::>- 0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 t'i m 00 c: 
-;J Si 10.500 10.656 10.851 10.690 10.584 10.210 10.899 10.948 10.823 10.635 10.813 10.594 10.764 10.762 10.761 10.830 ~ 
m 
Ti 0.000 0.003 0.000 0.000 0.000 0.006 0.000 0.000 0.003 0.005 0.000 0.000 0.004 0.000 0.000 0.000 0 
Al 5.518 5.376 5.240 5.293 5.434 5.764 5.136 5.080 5.185 5.426 5.254 5.455 5.234 5.284 5.315 5.241 
"1 
t'i 
Fe 0.050 0.028 0.024 0.037 0.024 0.041 0.021 0.043 0.026 0.039 0.023 0.028 0.039 0.021 0.036 0.036 
t"' 
t'i 
0 
Mn 0.000 0.006 0.009 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.009 0.003 0.003 0.004 >-l !J:I 
Mg 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 z 
Ca 1.517 1.302 1.108 1.389 1.456 1.798 1.144 1.112 1.216 1.420 1.265 1.439 1.300 1.381 1.304 1.252 ;;: 0 Na 2.265 2.475 2.498 2.428 2.347 2.100 2.592 2.555 2.577 2.166 2.289 2.199 2.409 2.206 2.216 2.216 !J:I 0 
K 0.046 0.087 0.098 0.075 0.058 0.050 0.073 0.105 0.076 0.079 0.121 0.119 0.123 0.088 0.111 0.154 '"d !J:I 
Total 19.896 19.934 19.828 19.915 19.902 19.977 19.866 19.842 19.907 19.769 19.765 19.837 19.881 19.743 19.745 19.734 0 tIl 
t'i 
» 
An 39.63 33.68 29.92 35.71 37.71 45.54 30.04 29.47 31.44 38.76 34.43 38.31 33.93 37.58 35.91 34.56 z » 
Ab 59.17 64.06 67.42 62.36 60.80 53.19 68.04 67.75 66.61 59.10 62.28 58.53 62.87 60.04 61.03 61.18 ~ m 
Or 0.90 2.26 2.67 1.93 1.49 1.27 1.93 2.78 1.95 2.14 3.29 3.14 3.20 2.38 3.06 4.26 t'i m 
0 
"1 
'"d 
t"' 
» 
0 (3 
0 
t"' 
» 
m 
t'i 
;.. 
'"0 
'"0 
ttJ 
Z 
t:I 
>< 
Ngongotaha Dome 0 
l'J Sample NQ-24 NQ-25 t"' l'J 
Crystal 4 4 4 5 5 1 2 3 3 3 3 4 4 4 5 5 Q >-3 
Spot rim body core rim zone 1 zone 2 rim rim ::<J core core core core nm zone core core 0 
z 
;;: 
Si02 62.38 60.23 57.11 54.08 66.24 57.89 56.17 60.75 60.93 61.46 61.40 60.73 
0 60.26 61.11 60.36 61.26 ::<J 0 
Ti02 0.00 0.02 0.03 0.03 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.02 0.00 0.00 0.00 0.04 '"0 ::<J 
Al2 0 3 25.15 25.49 27.47 28.67 23.43 27.05 27.58 25.71 25.22 25.05 25.16 24.86 25.13 25.40 25.31 25.75 0 to 
FeO 0.25 0.20 0.42 0.16 0.08 0.24 0.37 0.13 0.20 0.21 0.28 0.16 0.37 0.22 0.17 0.30 l'J ;.. 
MnO 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 z ;.. 
MgO 0.00 0.00 0.05 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ~ Ul 
CaO 6.55 7.68 9.67 11.38 4.00 9.22 9.84 7.31 7.00 6.84 6.69 6.49 7.24 6.86 6.63 7.06 Ui 
Na2 0 5.91 5.78 5.30 4.74 6.10 6.03 5.65 6.50 7.38 6.78 6.69 7.13 6.94 6.79 6.65 5.81 
K20 0.59 0.34 0.22 0.18 0.77 0.25 0.20 0.34 0.38 0.36 0.39 0.35 0.34 0.38 0.34 0.35 
Total 100.84 99.74 100.30 99.25 100.62 100.71 99.83 
..,. 100.74 100.46 100.20 100.69 100.13 100.37 100.89 100.50 100.04 
00 
00 
0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 
Si 10.935 10.721 10.215 9.837 11.479 10.307 10.122 10.717 10.700 10.803 10.833 10.831 10.714 10.785 10.828 10.754 
Ti 0.000 0.003 0.004 0.005 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.032 0.000 0.000 0.000 0.005 
Al 5.195 5.348 5.790 6.146 4.785 5.676 5.858 5.344 5.279 5.233 5.227 5.193 5.258 5.269 5.260 5.374 
Fe 0.037 0.030 0.063 0.024 0.011 0.036 0.056 0.020 0.029 0.031 0.042 0.024 0.054 0.032 0.025 0.045 
Mn 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.000 0.013 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 1.229 1.466 1.854 2.218 0.743 1.759 1.901 1.381 1.333 1.299 1.264 1.232 1.376 1.294 1.254 1.340 
Na 2.010 1.994 1.837 1.671 2.048 2.082 1.975 2.222 2.541 2.332 2.287 2.451 2.390 2.316 2.274 1.995 
K 0.132 0.076 0.051 0.042 0.171 0.058 0.047 0.077 0.086 0.083 0.089 0.079 0.077 0.085 0.077 0.080 
Total 19.538 19.637 19.830 19.942 19.238 19.925 19.960 19.761 19.971 19.784 19.741 19.814 19.870 19.781 19.718 19.592 
An 36.47 41.45 49.55 56.41 25.09 45.12 48.45 37.54 33.66 34.97 34.73 32.76 35.81 35.03 34.78 39.23 
Ab 59.61 56.39 49.10 42.51 69.14 53.40 50.36 60.38 64.18 62.80 62.84 65.14 62.18 62.68 63.09 58.43 
Or 3.92 2.15 1.35 1.08 5.77 1.48 1.19 2.09 2.16 2.23 2.43 2.10 2.01 2.29 2.14 2.34 
Ngongotaha Dome 
Sample NQ-25 NQ-28 
Crystal micr. micro 1 1 2 3 3 4 4 5 6 6 6 6 7 7 
Spot rim core nm core core nm core rim core core core 1. zone 2. zone nm core 1. zone 
Si02 60.61 60.94 61.20 60.80 60.12 60.69 61.42 59.46 60.21 60.36 57.02 60.00 60.84 60.84 58.21 59.55 
Ti02 0.00 0.04 0.00 0.04 0.00 0.00 0.02 0.00 0.03 0.00 0.04 0.00 0.00 0.00 0.03 0.04 
Al2 0 3 24.78 24.51 24.98 24.93 25.67 25.98 25.92 26.06 26.06 25.48 27.36 26.39 25.66 25.44 27.29 26.63 
FeO 0.23 0.23 0.14 0.20 0.28 0.15 0.17 0.17 0.21 0.22 0.28 0.22 0.21 0.29 0.26 0.25 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 6.59 6.88 5.07 5.69 6.90 6.69 6.62 6.64 6.97 6.52 8.65 6.98 6.61 6.20 8.44 6.92 
Na20 6.84 6.66 8.58 8.63 7.21 7.14 6.31 7.33 7.07 7.20 5.60 6.34 7.12 7.09 6.17 6.99 0 
K 2 0 0.42 0.37 0.43 0.36 0.32 0.32 0.40 0.38 0.32 0.37 0.23 0.32 0.36 0.40 0.27 0.32 ~ 
Total 99.47 99.62 100.40 100.65 100.49 100.96 100.85 100.04 100.86 100.17 99.18 100.23 100.80 100.25 100.70 100.71 ;lO 
H::>. t'J [f1 (XJ G 
~ ~ 0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 [f1 
Si 10.825 10.863 10.838 10.774 10.662 10.687 10.781 10.595 10.631 10.720 10.276 10.628 10.731 10.776 10.340 10.537 0 >oj 
Ti 0.000 0.005 0.000 0.006 0.000 0.000 0.003 0.000 0.004 0.000 0.006 0.000 0.000 0.000 0.004 0.006 t'J t" 
Al 5.215 5.149 5.213 5.206 5.365 5.392 5.362 5.472 5.424 5.334 5.812 5.509 5.334 5.312 5.713 5.553 t'J 0 
Fe 0.034 0.034 0.021 0.030 0.041 0.022 0.024 0.025 0.031 0.033 0.042 0.032 0.031 0.043 0.038 0.037 
>-l 
;lO 
0 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 z 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 
;;: 
Q 
Ca 1.261 1.314 0.961 1.081 1.312 1.262 1.246 1.267 1.318 1.240 1.671 1.325 1.249 1.176 1.606 1.313 ill 0 
Na 2.367 2.302 2.948 2.964 2.478 2.438 2.147 2.531 2.420 2.479 1.958 2.176 2.436 2.434 2.126 2.397 
'1j 
ill 
K 0.096 0.085 0.097 0.081 0.072 0.072 0.089 0.072 0.083 
0 
0.087 0.052 0.072 0.081 0.090 0.062 0.072 OJ t'J 
Total 19.799 19.752 20.078 20.141 19.930 19.930 19.653 19.978 19.900 19.895 19.817 19.742 19.861 19.830 19.893 19.915 ;.-z 
;.-
An 33.87 35.50 23.99 26.20 33.97 33.46 35.79 32.62 34.59 32.61 45.40 37.07 33.17 31.79 42.33 34.71 ~ [f1 
t'J 
Ab 63.56 62.21 73.58 71.83 64.16 64.65 61.65 65.14 63.52 65.21 53.18 60.90 64.69 65.78 56.04 63.38 [f1 0 
Or 2.57 2.29 2.42 1.97 1.86 1.89 2.56 2.24 1.89 2.18 1.42 2.03 2.14 2.43 1.63 1.91 >oj 
'1j 
t" ;.-
0 
0 
0 
t" ;.-
[f1 
t'J 
» 
'U 
'U 
l'j 
Z 
t:l 
X 
N gongotaha Dome ~ 
l'j 
Sample NQ-28 NQ-32 NQ-33 t""' l'j 
Crystal 7 7 1 2 3 4 4 5 5 1 1 2 2 2 3 3 0 >-:l 
Spot 2. zone rim rim rim rim ::0 nm core core core core nm core core core zone core 0 
z 
is: 
Si02 59.53 60.76 59.87 60.06 59.79 60.61 61.00 62.70 61.79 61.77 61.01 59.69 57.68 60.67 63.58 64.08 23 ::0 
Ti02 0.03 0.03 0.07 0.03 0.02 0.00 0.02 0.00 0.00 0.00 0.02 0.03 0.04 0.00 0.04 0.03 0 'U 
Ah 0 3 26.82 25.63 25.55 25.09 25.56 24.90 24.57 23.55 24.43 24.53 25.20 25.38 26.33 24.66 23.33 23.55 ::0 0 
FeO 0.19 0.25 0.30 0.18 0.21 0.10 0.23 0.13 0.14 0.21 0.16 0.11 0.24 0.13 0.15 0.21 to l'j 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.12 0.03 0.00 » z 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 » ~ 
CaO 7.86 6.62 5.93 6.21 6.28 5.51 5.19 4.41 4.82 5.76 6.26 7.29 8.49 6.25 4.76 4.30 [fJ fjj 
Na20 5.67 6.76 7.09 7.17 6.88 7.66 7.30 7.92 7.40 7.36 7.34 6.93 6.31 7.29 8.11 8.14 
K2 0 0.29 0.39 0.60 0.41 0.44 0.65 0.84 0.84 0.59 0.68 0.41 0.31 0.21 0.35 0.85 0.65 
Total 100.38 100.43 99.40 99.15 99.19 99.43 99.17 99.55 99.17 100.30 100.42 99.76 99.34 99.46 100.85 100.96 
>+:-
co 
0 0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 
Si 10.538 10.743 10.711 10.764 10.709 10.831 10.914 11.142 11.009 10.931 10.796 10.663 10.394 10.838 11.172 11.210 
Ti 0.004 0.004 0.009 0.005 0.003 0.000 0.003 0.000 0.000 0.000 0.003 0.004 0.005 0.000 0.006 0.003 
Al 5.595 5.341 5.387 5.300 5.396 5.244 5.182 4.932 5.130 5.117 5.255 5.343 5.592 5.191 4.831 4.855 
Fe 0.028 0.037 0.045 0.027 0.031 0.014 0.035 0.019 0.022 0.030 0.023 0.017 0.037 0.019 0.022 0.031 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.003 0.000 0.018 0.004 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 
Ca 1.491 1.254 1.136 1.192 1.205 1.055 0.995 0.840 0.921 1.093 1.187 1.396 1.639 1.197 0.896 0.806 
Na 1.946 2.316 2.460 2.493 2.389 2.655 2.532 2.730 2.556 2.525 2.518 2.399 2.205 2.526 2.763 2.760 
K 0.065 0.088 0.137 0.095 0.101 0.149 0.192 0.189 0.134 0.153 0.093 0.071 0.047 0.079 0.190 0.146 
Total 19.667 19.784 19.885 19.875 19.835 19.949 19.854 19.852 19.771 19.849 19.879 19.897 19.931 19.869 19.884 19.812 
An 42.56 34.29 30.43 31.53 32.62 27.35 26.76 22.34 25.50 28.98 31.25 36.10 42.12 31.47 23.28 21.72 
Ab 55.57 63.31 65.89 65.96 64.65 68.80 68.08 72.62 70.79 66.96 66.30 62.05 56.66 66.44 71.78 74.36 
Or 1.87 2.39 3.68 2.50 2.74 3.85 5.16 5.04 3.72 4.07 2.45 1.85 1.22 2.09 4.94 3.92 
N gongotaha Dome 
Sample NQ-38 NQ-42 
Crystal 1 1 1 2 2 3 4 4 5 5 6 6 1 1 2 2 
Spot rim zone core rim core core core nm core rim core rim core rim core zone 
Si02 61.28 61.69 61.32 . 60.92 60.95 61.16 61.68 62.68 61.20 62.27 62.70 63.14 59.62 60.91 61.75 62.60 
Ti02 0.02 0.00 0.00 0.00 0.02 0.02 0.00 0.03 0.00 0.00 0.04 0.04 0.03 0.03 0.07 0.00 
Al2 0 3 24.14 23.69 23.76 24.65 24.35 24.34 24.60 24.15 24.71 24.45 24.38 24.11 25.34 24.83 24.89 23.96 
FeO 0.26 0.10 0.17 0.22 0.10 0.02 0.14 0.17 0.18 0.13 0.25 0.06 0.12 0.14 0.31 0.17 
MnO 0.00 0.00 0.03 0.04 0.00 0.00 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.03 
MgO 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 6.08 5.92 6.05 6.36 6.37 6.62 5.61 5.55 6.40 4.82 5.68 5.09 6.98 5.91 6.81 5.69 
Na2 0 7.52 7.44 7.15 7.42 7.26 7.20 7.42 7.63 6.99 7.43 7.27 7.89 7.43 7.33 6.58 7.58 0 
K2 0 0.41 0.35 0.56 0.36 0.47 0.46 0.57 0.68 0.39 0.42 0.46 0.59 0.31 0.41 0.41 0.54 ~ 
Total 99.72 99.22 99.04 99.98 99.53 99.84 100.03 100.88 99.87 99.54 100.79 100.92 99.84 99.55 100.84 100.56 ::0 
H::- t>j if) 
'" 
c:: f-' Si 0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 if) 
Si 10.921 11.018 10.988 10.838 10.882 10.886 10.932 11.020 10.873 11.038 11.011 11.071 10.654 10.855 10.868 11.036 0 
"J 
Ti 0.003 0.000 0.000 0.000 0.003 0.003 0.000 0.004 0.000 0.000 0.006 0.006 0.004 0.004 0.010 0.000 t>j t"' 
Al 5.070 4.987 5.018 5.169 5.124 5.106 5.139 5.004 5.174 5.107 5.046 4.983 5.337 5.214 5.162 4.979 t>j a 
Fe 0.038 0.015 0.026 0.032 0.015 0.004 0.021 0.024 0.026 0.019 0.037 0.008 0.019 0.020 0.046 0.025 >-l ::0 0 
Mn 0.000 0.000 0.004 0.007 0.000 0.000 0.003 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.004 z 
Mg 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ;;: (5 
Ca 1.162 1.132 1.161 1.212 1.219 1.263 1.065 1.046 1.219 0.915 1.069 0.956 1.337 1.129 1.284 1.075 ::0 0 
Na 2.598 2.577 2.485 2.559 2.514 2.486 2.551 2.600 2.408 2.555 2.477 2.682 2.575 2.532 2.246 2.590 '1l ::0 
K 0.094 0.080 0.128 0.104 0 0.083 0.107 0.128 0.152 0.088 0.094 0.103 0.132 0.070 0.092 0.093 0.120 tIl t>j 
Total 19.887 19.817 19.810 19.899 19.864 19.853 19.838 19.850 19.788 19.733 19.750 19.839 19.996 19.846 19.710 19.829 ;,. z 
;,. 
An 30.14 29.88 30.76 31.45 31.74 32.78 28.45 27.55 32.81 25.67 29.30 25.35 33.58 30.08 35.45 28.40 ~ if) 
Ab 
t>j 
67.41 68.00 65.86 66.41 65.46 64.51 68.13 68.46 64.82 71.69 67.87 71.14 64.66 67.47 61.99 68.42 if) 0 
Or 2.45 2.12 3.38 2.15 2.79 2.71 3.42 3.99 2.36 2.64 2.82 3.51 1.76 2.46 2.56 3.18 "J 
'1l 
t"' ;,. 
0 (5 
a 
t"' 
;,. 
if) 
t>j 
» 
'tI 
'tI 
t:J 
Z 
tI 
X 
Ngongotaha Dome 0 
t:J Sample NQ-42 NQ-50 t-< t:J 
Crystal 2 3 3 3 3 3 4 4 4 4 4 5 5 1 1 1 0 >-3 
Spot rim rim zone 1 zone 2 zone 3 core 7 zone 17 zone 27 zone 37 rim rim rim in betw. :xl core core core 0 
z 
~ 
Si02 61.61 61.91 61.54 62.24 61.56 60.17 61.10 62.24 62.34 61.93 61.89 59.71 60.66 
0 62.20 61.27 61.91 :xl 0 
Ti02 0.03 0.04 0.02 0.00 0.03 0.00 0.06 0.00 0.04 0.03 0.03 0.03 0.00 0.00 0.00 0.07 'tI :xl 
Al2 0 3 25.09 24.41 24.71 23.79 24.90 25.81 25.02 24.17 24.46 24.30 24.22 24.72 24.46 24.90 24.30 24.57 0 til 
FeO 0.26 0.20 0.27 0.30 0.29 0.21 0.20 0.16 0.21 0.24 0.11 0.23 0.22 0.15 0.18 0.14 t:J » 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 z » 
MgO 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ~ [f) 
CaO 6.79 6.47 6.30 6.22 6.68 7.34 7.08 6.34 6.25 5.88 6.25 6.47 6.54 6.30 5.32 6.35 Ul 
Na2 0 6.65 7.09 7.40 6.80 6.92 6.57 7.13 7.36 7.29 7.25 7.02 7.32 6.93 7.82 8.10 7.50 
K2 0 0.48 0.50 0.37 0.42 0.34 0.34 0.33 0.43 0.38 0.36 0.50 0.37 0.36 0.41 0.47 0.41 
Total 100.92 100.63 100.65 ,.,. 99.76 100.72 100.43 100.90 100.71 100.83 100.40 100.06 100.41 100.39 99.28 100.33 99.70 
e.o 
t-.:) 
0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 
Si 10.841 10.926 10.866 11.046 10.853 10.662 10.779 10.971 10.943 10.994 10.972 10.848 10.932 10.725 10.955 10.825 
Ti 0.004 0.005 0.003 0.000 0.004 0.000 0.007 0.000 0.005 0.003 0.004 0.004 0.000 0.000 0.000 0.010 
Al 5.202 5.077 5.141 4.976 5.174 5.391 5.202 5.021 5.072 5.052 5.056 5.157 5.092 5.272 5.069 5.167 
Fe 0.038 0.030 0.040 0.044 0.043 0.031 0.029 0.024 0.031 0.036 0.017 0.034 0.032 0.022 0.027 0.021 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 
Mg 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 1.280 1.223 1.192 1.182 1.263 1.393 1.338 1.197 1.179 1.111 1.186 1.227 1.237 1.212 1.009 1.214 
Na 2.270 2.427 2.535 2.341 2.364 2.257 2.441 2.516 2.487 2.479 2.413 2.513 2.374 2.722 2.780 2.596 
K 0.109 0.113 0.084 0.094 0.077 0.076 0.073 0.096 0.084 0.081 0.113 0.084 0.081 0.094 0.106 0.094 
Total 19.744 19.801 19.869 19.684 19.777 19.810 19.870 19.825 19.802 19.756 19.759 19.868 19.749 20.047 19.953 19.927 
An 35.00 32.50 31.28 32.69 34.09 37.38 34.74 31.42 31.44 30.26 31.95 32.08 33.51 30.09 25.91 31.09 
Ab 62.04 64.50 66.52 64.71 63.83 60.58 63.35 66.06 66.31 67.54 65.01 65.73 64.30 67.58 71.37 66.51 
Or 2.97 3.00 2.20 2.61 2.08 2.04 1.90 2.52 2.25 2.20 3.04 2.20 2.19 2.33 2.72 2.40 
N gongotaha Dome 
Sample NQ-50 NQ-58 
Crystal 2 2 2 2 3 3 4 4 5 5 1 1 1 2 3 3 
Spot rim zone 1 zone 2 core core rim rim core core rim rim core nm rim rim core 
Si02 59.91 56.86 61.29 59.42 62.37 62.56 59.99 60.26 60.59 61.91 58.72 57.74 59.20 61.80 60.35 59.56 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.03 0.00 0.00 0.00 0.05 0.04 0.05 0.00 0.00 
Al20 3 24.82 27.30 24.08 25.81 23.60 23.29 24.58 25.09 24.28 23.47 26.87 27.00 26.76 25.01 24.72 25.08 
FeO 0.19 0.18 0.21 0.29 0.16 0.29 0.22 0.17 0.18 0.34 0.30 0.11 0.22 0.23 0.17 0.41 
MnO 0.00 0.03 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.02 0.00 0.05 0.00 0.00 
MgO 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.04 0.05 0.00 0.00 0.00 0.00 0.00 0.04 
CaO 6.42 8.93 5.54 7.05 4.72 4.10 6.49 6.09 6.00 4.89 8.46 9.25 8.02 5.89 6.27 6.65 
Na2 0 7.74 6.28 8.10 7.02 7.93 8.39 7.48 7.60 7.57 8.27 6.34 5.91 6.42 7.55 7.60 7.44 Cl 
K20 0.35 0.16 0.46 0.31 0.57 0.46 0.29 0.32 0.49 0.44 0.19 0.15 0.26 0.37 0.41 0.28 !'-
Total 99.42 99.75 99.67 99.93 99.34 99.09 99.17 99.56 99.15 99.35 100.87 100.23 100.91 100.95 99.52 99.46 ::0 
..,. i:'J 
[fJ (.0 c::: w Si 0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 [fJ 
Si 10.743 10.225 10.933 10.604 11.107 11.161 10.777 10.762 10.868 11.055 10.409 10.315 . 10.470 10.866 10.796 10.685 0 
'Tj 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.004 0.000 0.000 0.000 0.007 0.005 0.006 0.000 0.000 i:'J t"' 
Al 5.245 5.786 5.061 5.429 4.953 4.898 5.204 5.282 5.134 4.940 5.613 5.684 5.578 5.184 5.211 5.303 i:'J Q 
Fe 0.028 0.026 0.031 0.043 0.024 0.043 0.033 0.025 0.027 0.050 0.044 0.017 0.032 0.034 0.026 0.061 >-:l ::0 0 
Mn 0.000 0.005 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.003 0.000 0.007 0.000 0.000 z 
Mg 0.000 0.007 0.000 0.005 0.000 0.000 0.000 0.000 0.011 0.013 0.000 0.000 0.000 0.000 0.000 0.010 ;s: (3 
Ca 1.233 1.721 1.058 1.349 0.900 0.783 1.248 1.166 1.153 0.935 1.608 1.771 1.520 1.110 1.201 1.278 ::0 0 
Na 2.691 2.189 2.801 2.431 2.737 2.902 2.605 2.631 2.632 2.863 2.178 2.047 2.201 2.574 2.636 2.587 'tI ::0 
K 0.080 0.036 0.104 0.070 0.105 0.067 0.034 0.065 
0 0.129 0.074 0.113 0.100 0.042 0.058 0.084 0.095 I:IJ i:'J 
Total 20.020 19.994 19.989 19.932 19.849 19.893 19.952 19.945 19.938 19.956 19.894 19.876 19.865 19.865 19.964 19.989 ~ z 
~ 
An 30.79 43.61 26.70 35.04 23.90 20.67 31.84 30.12 29.57 23.98 42.00 45.98 40.24 29.47 30.55 32.52 ~ [fJ 
Ab 
i:'J 
67.20 55.48 70.67 63.14 72.68 76.57 66.44 67.97 67.52 73.44 56.89 53.15 58.23 68.30 67.05 65.83 [fJ 0 
Or 2.01 0.90 2.62 1.82 3.41 2.76 1.72 1.91 2.91 2.58 1.10 0.87 1.54 2.23 2.40 1.65 'Tj 
'tI 
t"' 
~ 
Cl (3 
Q 
t"' 
~ 
[fJ 
i:'J 
:> 
'U 
'U 
t'l 
Z 
I:J 
Ngollgotaha Dome Tarawera Volcallic Complex x 
Sample NQ-58 TW-l TW-14 0 
Crystal 4 4 5 6 6 7 1 1 1 1 2 3 3 3 3 3 t'l t"' 
Spot rim ZOlle 1 ZOlle 2 ZOlle 3 t'l core core core nm core nm ZOlle core core core nm core 0 
..., 
::0 
0 
Z 
Si02 60.14 59.96 60.53 60.39 64.22 58.47 58.36 59.90 54.59 58.62 58.38 62.65 59.94 59.55 57.51 54.98 :::: 
Ti02 0.00 0.00 0.07 0.00 0.02 0.00 0.03 0.06 0.06 0.07 0.06 ll.a. ll.a. ll.a. 0 ll.a. ll.a. ill 
Ah 0 3 24.78 25.15 24.58 24.46 22.16 25.61 25.21 24.65 27.50 24.74 24.57 23.25 24.33 24.36 25.30 27.56 0 'U 
::0 
FeO 0.19 0.36 0.41 0.28 0.28 0.39 0.28 0.30 0.35 0.29 0.42 0.22 0.27 0.30 0.25 0.26 0 OJ 
MllO 0.00 0.05 0.00 0.02 0.00 0.00 0.05 0.01 0.04 0.05 0.11 0.11 0.04 0.07 0.03 0.02 t'l :> 
MgO 0.00 0.00 0.00 0.00 0.03 0.03 0.07 0.09 0.03 0.04 0.07 0.05 0.05 0.06 0.09 0.01 z :> 
CaO 6.52 6.28 6.46 6.09 4.97 7.83 7.13 6.31 10.08 7.39 6.97 4.55 5.35 6.01 7.37 10.06 ~ 
Ul 
Na20 7.58 7.53 7.59 7.60 7.19 6.97 7.87 8.34 6.46 7.54 7.86 8.26 8.58 8.39 7.90 6.27 tii 
K 20 0.34 0.44 0.39 0.46 0.93 0.27 0.48 0.49 0.26 0.39 0.60 0.75 0.60 0.59 0.75 0.28 
SrO ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 0.00 ll.a. 0.04 0.00 0.00 0.12 0.00 
BaO ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a . 0.18 ll.a. 0.20 0.00 0.20 0.29 0.00 
..,. 
Total 99.77 100.03 99.29 99.81 99.56 99.56 99.47 100.15 99.37 99.31 99.04 99.82 99.16 99.34 99.18 99.44 co 
..,. 
0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 
Si 10.764 10.717 10.792 10.829 11.365 10.517 10.536 10.708 10.144 10.600 10.596 11.120 10.796 10.732 10.440 10.000 
Ti 0.000 0.000 0.009 0.000 0.003 0.000 0.004 0.008 0.008 0.008 0.008 ll.a. ll.a. ll.a. ll.a. ll.a. 
1 5.227 5.297 5.165 5.170 4.623 5.430 5.364 5.192 6.020 5.272 5.256 4.872 5.164 5.172 5.412 5.904 
Fe 0.029 0.054 0.062 0.042 0.041 0.058 0.044 0.044 0.008 0.044 0.064 0.032 0.040 0.044 0.036 0.040 
Mll 0.000 0.008 0.000 0.003 0.000 0.000 0.008 0.000 0.056 0.008 0.016 0.016 0.008 0.012 0.004 0.004 
Mg 0.000 0.000 0.000 0.000 0.009 0.009 0.020 0.024 0.012 0.012 0.020 0.012 0.012 0.016 0.024 0.004 
Ca 1.251 1.203 1.234 1.170 0.942 1.508 1.380 1.208 0.008 1.432 1.356 0.868 1.032 1.160 1.432 1.960 
Na 2.630 2.609 2.623 2.642 2.468 2.432 2.752 2.888 3.632 2.640 2.764 2.844 2.992 2.928 2.776 2.212 
K 0.078 0.101 0.089 0.105 0.209 0.062 0.108 0.112 1.532 0.088 0.136 0.172 0.140 0.136 0.172 0.064 
Sr ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 0.000 0.000 0.004 0.000 0.000 0.012 0.000 
Ba ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 0.016 0.000 0.012 0.000 0.016 0.020 0.000 
Total 19.977 19.989 19.973 19.960 19.659 20.015 20.216 20.184 21.420 20.120 20.216 19.952 20.184 20.216 20.348 20.188 
All 31.60 30.75 31.27 29.86 26.03 37.69 32.5 28.7 45.6 34.4 31.8 22.3 24.4 27.4 32.6 46.2 
Ab 66.44 66.67 66.48 67.47 69.19 60.77 64.9 68.9 52.9 63.4 64.9 73.3 72.3 69.3 63.3 52.1 
Or 1.97 2.58 2.25 2.67 5.78 1.54 2.5 2.6 1.4 2.1 3.2 4.3 3.2 3.2 3.9 1.5 
Tarawera Volcallic Complex 
Sample TW-14 TR-l TR-3 
Crystal 4 4 4 4 1 1 1 1 2 2 2 2 1 1 1 2 
Spot rim ZOlle 1 ZOlle 2 core rim rim core ZOlle core ZOlle 1 ZOlle 2 nm rim ZOlle core rim 
Si02 62.42 57.66 59.13 58.48 63.39 61.81 59.27 60.86 57.52 59.12 56.64 60.11 60.18 57.02 56.83 64.65 
Ti02 ll.a. ll.a. ll.a. ll.a. 0.09 0.07 0.09 0.07 ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 
Ah 0 3 23.70 25.61 25.60 25.02 23.55 23.37 25.00 24.87 26.54 25.85 27.05 24.27 25.38 25.96 26.56 22.17 
FeO 0.17 0.26 0.34 0.25 0.20 0.27 0.18 0.22 ll.a. ll.a. ll.a. ll.a. 0.29 0.29 0.40 0.16 
MllO 0.03 0.06 0.07 0.09 ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 0.05 
MgO 0.00 0.03 0.04 0.00 0.00 0.00 0.06 0.00 ll.a. ll.a. ll.a. ll.a. 0.07 0.00 0.03 0.05 
CaO 4.66 7.47 7.40 7.97 4.10 4.29 6.06 5.75 7.90 7.12 8.59 5.76 7.02 8.06 8.59 4.28 
Na2 0 8.87 7.84 7.25 7.06 8.36 9.07 7.98 7.68 6.65 7.11 7.10 8.58 7.56 6.96 6.88 8.30 
K 20 0.78 0.48 0.49 0.33 0.93 0.70 0.53 0.52 0.37 0.46 1.01 0.50 0.36 0.52 0.33 0.89 
SrO 0.00 0.00 0.00 0.00 ll.a. ll.a. ll.a. ll.a. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cl 
BaO 0.18 0.15 0.21 0.00 0.37 0.37 0.24 0.26 0.16 0.14 0.07 0.20 0.00 0.17 0.33 0.17 ~ 
Total 100.62 99.40 100.32 99.18 100.98 99.94 99.42 100.22 99.14 99.80 100.45 99.42 100.86 98.98 .99.94 100.73 
::0 
~ i'1 (fl 
~ c 
en ~ 
0 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 (fl 
Si 11.032 10.432 10.556 10.568 11.148 11.036 10.668 10.820 10.392 10.580 10.192 10.804 10.660 10.372 10.264 11.368 
0 
OJ 
Ti 4.936 5.460 5.384 5.328 4.880 4.916 5.304 5.212 5.648 5.452 5.736 5.140 5.296 5.564 5.652 4.596 
i'1 
t"' 
i'1 
Al 0.000 0.000 0.000 0.000 0.012 0.080 0.012 0.008 ll.a. ll.a. ll.a. ll.a. ll.a. 0.000 ll.a. ll.a. a >-l 
Fe 0.024 0.040 0.052 0.040 0.028 0.036 0.028 0.032 0.044 0.044 0.060 0.024 ::0 ll.a. ll.a. ll.a. ll.a. 0 
Mll 0.004 0.008 0.008 0.012 0.000 0.000 0.000 0.000 0.000 0.008 
z 
ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ;:;: 
Mg 0.000 0.008 0.012 0.000 0.000 0.000 0.016 0.000 ll.a. ll.a. ll.a. ll.a. 0.016 0.000 0.008 0.016 0 ::0 
Ca 0.884 1.448 1.416 1.544 0.772 0.820 1.168 1.096 1.528 1.364 1.656 1.108 1.332 1.568 1.660 0.808 0 
'" Na 3.036 2.748 2.512 2.472 2.848 3.140 2.788 2.644 2.328 2.468 2.476 2.992 2.596 2.452 2.408 2.832 ::0 0 
K 0.176 0.112 0.112 0.076 0.208 0.160 0.120 0.116 0.084 0.104 0.232 0.112 0.080 0.120 0.076 0.200 
to 
i'1 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 :> z 
Ba 0.012 0.012 0.016 0.000 0.024 0.024 0.016 0.020 0.012 0.008 0.004 0.012 0.000 0.012 0.024 0.000 
:> 
:< 
Total 20.104 20.268 20.068 20.040 19.884 20.108 20.092 19.920 19.980 19.968 20.292 20.156 20.024 20.120 20.128 19.852 (fl i'1 (fl 
0 
OJ 
All 21.5 33.5 35.0 37.7 20.1 19.9 28.6 28.8 38.7 34.6 37.9 26.3 33.2 37.8 40.0 21.0 
'" t"' Ab 74.1 63.8 62.1 60.4 74.3 76.2 68.3 69.6 59.0 62.6 56.7 70.7 64.7 59.2 58.0 73.7 :> Cl 
Or 4.2 2.5 2.7 1.8 5.4 3.8 2.9 1.5 2.1 2.6 5.3 2.6 2.0 2.8 1.8 5.1 0 
a 
t"' 
:> 
(fl 
i'1 
:>-
'1j 
'1j 
til 
Z 
tl 
Tarawera Volcanic Complex Mount Somers Volcanics x 
Sample TR-3 MS-ll MS-24 P 
Crystal 2 2 2 1 1 1 1 1 1 2 til t"' 
Spot zone 1 zone 2 zone 1 zone 2 zone 3 rim til core core core core Q 
>-l 
~ 
0 
Z 
Si02 61.17 59.64 60.93 59.73 59.79 58.58 58.66 59.12 61.28 64.03 ~ 
Ti02 n.a. 0.03 0.02 0.05 0.06 0.05 0.07 0.07 0 n.a. n.a. ~ 
Ah 0 3 24.01 24.14 24.05 26.01 26.29 26.76 26.46 26.27 23.48 19.69 0 '1j ~ 
FeO 0.19 0.25 0.30 0.23 0.18 0.23 0.17 0.13 0.18 0.10 0 III 
MnO 0.15 0.03 0.04 0.09 0.08 0.03 0.04 0.05 0.13 0.00 til :>-
MgO 0.06 0.00 0.00 0.01 0.01 0.04 0.06 0.00 0.00 0.04 z :>-
CaO 6.05 6.01 5.97 7.00 7.24 7.74 7.01 7.27 4.91 0.43 ~ 
[JJ 
Na20 8.12 8.52 7.79 6.49 6.18 6.34 6.28 6.57 8.13 4.30 tii 
K20 0.45 0.57 1.23 0.98 1.09 0.91 0.89 0.90 1.43 11.39 
SrO 0.00 n.a. n.a. 0.00 0.00 0.00 0.00 0.00 n.a. n.a. 
BaO 0.18 n.a. n.a. 0.18 0.03 0.16 0.02 0.11 n.a . n.a. 
..,. 
Total 100.38 99.17 100.29 100.74 100.91 100.83 99.65 100.48 99.60 100.04 (0 
~ 
0 32 32 32 32 32 32 32 32 32 32 
Si 10.888 10.768 10.868 10.604 10.584 10.420 10.512 10.528 10.988 11.708 
Ti 5.036 5.136 5.056 5.440 5.484 5.608 5.588 5.512 4.960 4.244 
Al n.a. n.a. n.a. 0.004 0.004 0.008 0.008 0.008 0.008 0.008 
Fe 0.028 0.040 0.044 0.036 0.028 0.032 0.024 0.020 0.024 0.016 
Mn 0.024 0.004 0.004 0.012 0.012 0.004 0.008 0.008 0.020 0.000 
Mg 0.016 0.000 0.000 0.004 0.004 0.012 0.016 0.000 0.000 0.008 
Ca 1.152 1.164 1.140 1.332 1.372 1.476 1.344 1.388 0.944 0.084 
Na 2.804 2.984 2.696 2.232 2.120 2.184 2.180 2.268 2.824 1.528 
K 0.112 0.132 0.280 0.220 0.245 0.208 0.204 0.204 0.328 2.656 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 n.a. n.a. 
Ba 0.000 0.000 0.000 0.012 0.004 0.012 0.000 0.008 n.a. n.a. 
Total 20.060 20.228 20.088 19.896 19.857 19.964 19.884 19.944 20.096 20.252 
An 28.4 27.1 27.7 35.1 36.7 38.1 36.0 35.9 23.0 35.7 
--
Ab 69.0 69.7 65.4 58.9 56.7 56.5 58.4 58.7 69.0 1.9 
Or 2.5 3.0 6.8 5.8 6.5 5.3 5.4 5.3 7.9 62.3 
G.5 Results of electron microprobe analyses of orthopyroxene 
N gongotaha Dome 
Sample NQ-20 NQ-24 
Crystal 1 1 2 3 4 5 5 1 1 2 2 3 4 4 4 5 
Spot core rIm core core core core rIm core rim core rim core core zone rim core 
Si02 50.74 50.96 51.04 50.64 50.90 50.46 50.54 49.40 49.30 48.81 48.87 48.99 49.29 49.29 48.56 49.30 
Ti02 0.17 0.20 0.36 0.25 0.76 0.25 0.27 0.29 0.52 0.30 0.34 0.23 0.15 0.28 0.25 0.30 
Ah 0 3 0.11 0.11 0.11 0.10 0.22 0.10 0.11 0.14 0.19 0.08 0.10 0.17 0.14 0.12 0.11 0.11 
FeO 29.36 28.52 29.46 30.21 27.16 28.94 29.26 31.68 31.43 32.30 31.66 31.43 32.35 32.44 32.92 31.56 
MnO 1.77 1.64 1.16 1.71 1.50 1.70 1.66 1.70 1.18 1.75 1.52 1.61 1.76 1.28 1.81 1.84 
MgO 16.85 16.87 17.13 16.66 17.87 17.02 17.18 16.59 16.60 16.52 16.91 16.60 16.00 16.35 15.95 16.33 
CaO 1.01 1.16 0.97 1.10 1.16 1.07 1.09 1.16 1.19 1.04 1.04 1.16 1.09 1.15 1.16 1.18 
Na2 0 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 
K2 0 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 '" 
Total 100.02 99.47 100.23 100.66 99.56 99.56 100.14 100.96 100.42 100.80 100.44 100.19 100.79 100.91 100.75 100.63 ::0 l'l 
[JJ 
c:: 
.... 0 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 ~ co [JJ 
-.J Si 1.974 1.985 1.975 1.965 1.966 1.970 1.964 1.932 1.932 1.920 1.922 1.930 1.938 1.932 1.919 1.935 0 
":i 
Ti 0.003 0.003 0.003 0.003 0.006 0.003 0.003 0.004 0.006 0.002 0.003 0.005 0.004 0.004 0.003 0.003 l'l t""' 
AI[IVl 0.008 0.009 0.016 0.011 0.034 0.012 0.012 0.013 0.024 0.014 0.016 0.011 0.007 0.013 0.012 0.014 l'l 0 
AI[VI] >-l 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ::0 0 
Fe 0.955 0.929 0.953 0.981 0.877 0.945 0.951 1.036 1.030 1.063 1.041 1.036 1.064 1.063 1.088 1.036 z 
Mn 0.058 0.054 0.038 0.056 0.049 0.056 0.055 0.056 0.039 0.058 0.054 0.059 0.042 0.061 0.061 ~ 0.051 (3 
Mg 0.977 0.979 0.988 0.964 1.029 0.991 0.995 0.967 0.970 0.969 0.991 0.975 0.938 0.955 0.940 0.956 ::0 0 
'tI Ca 0.042 0.048 0.040 0.046 0.048 0.045 0.045 0.049 0.050 0.044 0.044 0.049 0.046 0.048 0.049 0.050 ::0 0 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Il:I l'l 
K 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 :>-z 
Total 4.017 4.007 4.013 4.026 4.010 4.023 4.027 4.057 4.051 4.070 4.068 4.060 4.056 4.057 4.072 4.055 :>-~ 
[JJ 
l'l 
En 49.49 50.04 49.87 48.43 52.65 50.02 49.98 47.13 47.31 46.67 47.75 47.35 45.80 46.23 45.24 46.82 [JJ 0 
Fs 48.38 47.48 48.10 49.27 44.89 47.71 47.74 50.51 50.24 51.20 50.14 50.28 51.95 51.44 52.39 50.75 ":i 0 
Wo 2.13 2.48 2.04 2.31 2.46 2.27 2.28 2.37 2.45 2.12 2.12 2.37 2.25 2.33 2.37 2.43 ~ 
~ 
0 
Mg# 50.6 51.3 50.9 49.6 54.0 51.2 51.1 48.3 48.5 47.7 48.8 48.5 46.9 47.3 46.4 48.0 'tI -< 
::0 
0 
X 
l'l 
Z 
l'l 
> 
"tI 
"tI 
t'l 
Z 
t:I 
Ngongotaha Dome :;< 
Sample NQ-24 NQ-25 NQ-28 0 
Crystal 5 5 6 6 1 1 1 2 2 1 1 2 2 3 3 4 t'l r 
Spot rim rim rim rim rim t'l zone core nm core zone core nm core core core core Q 
>-l 
::0 
0 
Z 
Si02 48.83 48.23 48.32 49.08 48.64 48.90 48.79 49.13 49.56 50.84 51.65 51.37 51.47 50.14 51.54 50.45 :::: 
Ti02 0.28 0.24 0.17 0.48 0.30 0.45 0.30 0.36 0.17 0.30 0.58 0.31 0.42 ·0.27 0.25 0.28 0 ::0 
Alz03 0.10 0.10 0.10 0.17 0.16 0.17 0.13 0.15 0.14 0.21 0.18 0.12 0.09 0.11 0.14 0.14 
0 
"tI 
::0 
FeO 32.44 32.69 34.08 31.26 32.05 31.30 31.80 31.39 31.28 26.38 24.28 29.08 29.50 29.54 29.70 29.14 0 til 
MnO 1.33 1.81 1.68 1.33 1.52 1.31 1.45 1.01 1.34 1.43 1.42 1.80 1.87 1.89 1.47 1.78 t'l 
> 
MgO 15.95 15.95 14.68 17.38 16.39 16.73 16.49 16.97 16.45 19.41 20.45 17.15 15.50 16.07 16.65 16.26 z > 
CaO 1.15 1.09 1.17 1.01 1.09 1.32 1.10 1.36 1.24 1.26 1.37 1.09 1.46 1.15 1.08 1.04 S; 
Na2 0 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
[Jl 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ui 
K 20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.08 100.13 100.18 100.72 100.16 100.18 100.07 100.37 100.19 99.83 99.93 100.91 100.30 99.17 100.84 99.08 
fI>. 0 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 (0 
00 Si 1.933 1.918 1.931 1.918 1.923 1.924 1.927 1.927 1.946 1.954 1.961 1.975 1.996 1.974 1.985 1.981 
Ti 0.003 0.003 0.003 0.005 0.005 0.005 0.004 0.004 0.004 0.006 0.005 0.003 0.003 0.003 0.004 0.004 
AI[IV] 0.013 0.011 0.008 0.022 0.014 0.021 0.014 0.017 0.008 0.014 0.026 0.014 0.004 0.013 0.011 0.013 
AI[VI] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 
Fe 1.074 1.087 1.139 1.022 1.060 1.030 1.051 1.030 1.027 0.848 0.771 0.935 0.957 0.972 0.957 0.957 
Mn 0.045 0.061 0.057 0.044 0.051 0.044 0.049 0.034 0.045 0.047 0.046 0.059 0.061 0.063 0.048 0.059 
Mg 0.941 0.946 0.874 1.013 0.966 0.981 0.971 0.992 0.963 1.112 1.157 0.983 0.896 0.943 0.956 0.952 
Ca 0.049 0.046 0.050 0.042 0.046 0.056 0.047 0.057 0.052 0.052 0.056 0.045 0.061 0.049 0.045 0.044 
Na 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 4.058 4.072 4.062 4.066 4.067 4.061 4.063 4.061 4.045 4.033 4.022 4.014 3.993 4.017 4.006 4.010 
En 45.60 45.48 42.38 48.75 46.63 47.48 46.96 47.72 47.15 55.28 58.34 50.07 46.83 48.01 48.85 47.75 
Fs 52.03 52.29 55.20 49.20 51.15 49.83 50.79 49.52 50.30 42.14 38.85 47.64 50.00 49.51 48.87 49.00 
Wo 2.37 2.23 2.42 2.05 2.22 2.69 2.25 2.75 2.55 2.58 2.81 2.29 3.17 2.47 2.28 2.25 
Mg# 46.7 46.5 43.4 49.8 47.7 48.8 48.0 49.1 48.4 56.7 60.0 51.3 48.4 49.2 50.0 49.9 
N gongotaha Dome 
Sample NQ-32 NQ-33 NQ-38 NQ-42 
Crystal 1 1 1 2 2 2 3 4 4 
I 
1 1 2 2 3 3 
I 
1 
Spot core core rim core zone rim core core nm core nm core rim core rim core 
Si02 50.77 50.45 50.79 51.42 50.78 50.27 50.34 49.81 49.36 51.52 51.61 50.91 52.55 50.22 51.53 51.54 
Ti02 0.27 0.29 0.31 0.30 0.25 0.17 0.33 0.14 0.16 0.21 0.12 0.24 0.13 0.29 0.36 0.30 
Ah 0 3 0.49 0.11 0.06 0.08 0.14 0.11 0.21 0.14 0.07 0.10 0.07 0.03 0.16 0.03 0.04 0.08 
FeO 29.64 29.27 29.45 27.78 29.71 29.19 30.31 32.56 33.45 27.57 27.93 27.99 27.54 30.08 27.10 28.21 
MnO 1.01 1.75 1.76 1.95 1.28 2.15 1.86 1.85 2.00 1.05 1.14 1.72 1.70 1.54 1.33 1.99 
MgO 16.24 16.52 16.22 16.48 15.98 16.35 16.35 13.99 13.11 17.48 17.58 17.96 16.53 16.15 18.23 16.84 
CaO 1.94 1.18 1.02 1.06 1.11 1.14 1.17 1.21 1.09 1.02 1.01 1.18 1.20 0.92 0.85 1.23 
Na2 0 0.39 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.08 0.02 0.05 0.02 0.00 0.06 0.02 0.00 0 
K 2 0 0.15 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.01 '" 
Total 100.90 99.57 99.60 99.09 99.24 99.37 100.59 99.70 99.31 99.96 99.52 100.04 99.81 99.32 99.46 100.20 ~ t'l 
rn 
c: 
~ 0 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 S3 rn 
(.0 Si 1.963 1.973 1.984 2.002 1.989 1.974 1.959 1.979 1.980 1.998 1.995 1.968 2.022 1.975 1.987 1.989 0 "l 
Ti 0.014 0.003 0.002 0.002 0.004 0.003 0.006 0.004 0.002 0.003 0.002 0.001 0.005 0.001 0.001 0.002 t'l t"' 
Al [IV] 0.012 0.013 0.014 0.000 0.011 0.008 0.015 0.007 0.008 0.002 0.005 0.011 0.000 0.013 0.013 0.011 t'l 0 
Al[VI] >-3 0.000 0.000 0.000 0.014 0.001 0.000 0.000 0.000 0.000 0.008 0.001 0.000 0.006 0.000 0.003 0.003 ~ 0 
Fe 0.959 0.957 0.962 0.905 0.973 0.958 0.987 1.082 1.122 0.894 0.903 0.905 0.886 0.989 0.874 0.911 z ;;: 
Mn 0.033 0.058 0.058 0.064 0.042 0.071 0.061 0.062 0.068 0.034 0.037 0.056 0.055 0.051 0.043 0.065 (3 
Mg 0.936 0.963 0.944 0.957 0.933 0.957 0.949 0.829 0.784 1.011 1.013 1.035 0.948 0.947 1.047 0.969 ~ 0 
"1:1 
Ca 0.080 0.049 0.043 0.044 0.047 0.048 0.049 0.052 0.047 0.042 0.042 0.049 0.049 0.039 0.035 0.051 5 
Na 0.029 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.006 0.002 0~004 0.001 0.000 0.005 0.002 0.000 tIl l'J 
K 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 » z 
Total 4.033 4.016 4.007 3.988 4.000 4.019 4.028 4.015 4.017 3.994 4.002 4.026 3.971 4.022 4.005 4.001 » ~ 
rn 
t'l 
En 23.00 48.89 48.44 50.20 47.78 48.75 47.82 42.24 40.16 51.91 51.75 53.77 50.35 40.92 65.16 50.20 rn 0 
Fs 69.22 48.61 49.36 47.48 49.83 48.81 49.73 55.13 57.45 45.92 46.12 43.39 47.03 56.84 33.06 47.16 "l 0 
Wo 7.78 2.50 2.20 2.33 2.39 2.44 2.45 2.63 2.39 2.17 2.13 2.85 2.62 2.24 1.79 2.64 ~ 
::I: 
0 
Mg# 49.4 I 50.2 49.5 51.4 49.0 50.0 49.0 43.4 41.1 I 53.1 53.4 "1:1 52.9 51.7 48.9 54.5 51.5 ><: ~ 
0 
>< t'l 
Z 
t'l 
» 
"0 
"0 
I:'J 
Z 
IJ 
N gongotaha Dome >< 
Sample NQ-42 NQ-50 NQ-58 ~ 
Crystal 1 2 3 4 4 
alt.
4
rim I 
1 1 2 2 3 3 4 4 1 1 I:'J t'" 
Spot rim alt. rim rim rim rim I:'J core core core nm core core nm core core zone Q 
>-l 
;ll 
0 
Z 
Si02 51.78 50.86 51.91 51.12 51.37 52.76 50.19 50.40 50.62 49.67 50.18 48.67 50.01 51.35 49.70 51.07 $: 
Ti02 0.18 0.25 0.22 0.18 0.27 0.18 0.15 0.15 0.25 0.09 0.28 0.52 0.27 0.31 0.42 0.30 0 ;ll 
Ah 0 3 0.11 0.07 0.11 0.13 0.13 0.08 0.07 0.06 0.10 0.14 0.14 0.07 0.17 0.12 0.10 0.19 0 "0 ;ll 
FeO 29.35 30.70 27.74 29.15 29.05 25.34 29.83 28.89 30.08 31.09 30.22 31.12 29.71 28.29 29.59 28.95 0 III 
MnO 1.78 1.57 2.10 1.94 1.72 2.29 2.00 2.22 1.17 1.68 1.60 1.87 1.45 1.43 1.56 1.57 I:'J 
» 
MgO 15.84 15.48 17.01 16.32 16.78 18.26 16.72 17.04 16.56 16.63 16.52 15.68 16.79 17.96 14.69 16.36 z » 
CaO 0.98 0.89 1.09 1.05 1.11 1.14 0.88 0.89 1.19 1.14 1.10 1.56 1.07 1.20 4.10 1.04 ~ 
w 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.04 0.00 Ui 
K20 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.04 0.00 
Total 100.03 99.82 100.18 99.89 100.43 100.06 99.88 99.65 99.99 100.44 100.02 99.53 99.48 100.67 100.25 99.47 
0"1 0 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 0 
0 Si 2.008 1.991 1.998 1.989 1.984 2.009 1.965 1.969 1.973 1.946 1.962 1.933 1.961 1.970 1.953 1.990 
Ti 0.003 0.002 0.003 0.004 0.004 0.002 0.002 0.002 0.003 0.004 0.004 0.002 0.005 0.003 0.003 0.006 
Al[lV] 0.000 0.009 0.002 0.008 0.012 0.000 0.007 0.007 0.011 0.004 0.013 0.024 0.012 0.014 0.019 0.010 
Al[Vl] 0.008 0.002 0.008 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 
Fe 0.952 1.005 0.893 0.948 0.938 0.807 0.976 0.944 0.980 1.019 0.988 1.034 0.974 0.908 0.972 0.943 
Mn 0.059 0.052 0.068 0.064 0.056 0.074 0.066 0.074 0.039 0.056 0.053 0.063 0.048 0.046 0.052 0.052 
Mg 0.915 0.903 0.976 0.946 0.966 1.037 0.976 0.993 0.962 0.971 0.963 0.929 0.982 1.027 0.860 0.950 
Ca 0.041 0.037 0.045 0.044 0.046 0.047 0.037 0.037 0.050 0.048 0.046 0.067 0.045 0.049 0.173 0.043 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.003 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.002 0.000 
Total 3.986 4.001 3.993 4.003 4.006 3.984 4.031 4.026 4.020 4.048 4.029 4.054 4.027 4.017 4.037 3.998 
En 47.98 46.44 51.00 48.82 49.53 54.84 49.05 50.29 48.29 47.66 48.22 45.77 49.06 51.77 42.90 49.05 
Fs 49.89 51.65 46.65 48.92 48.12 42.69 49.09 47.82 49.22 49.98 49.48 50.95 48.70 45.74 48.49 48.71 
Wo 2.13 1.91 2.34 2.25 2.35 2.46 1.86 1.89 2.49 2.35 2.31 3.28 2.24 2.49 8.61 2.24 
Mg# 49.0 47.3 52.2 49.9 50.7 56.2 50.0 51.3 49.5 48.8 49.4 47.3 50.2 53.1 46.9 50.2 
Ngongotaha Dome 
Sample NQ-58 
Crystal 1 2 2 3 4 5 5 
Spot core core rim core core core rIm 
Si02 51.13 51.64 51.60 48.01 51.81 50.28 49.37 
Ti02 0.22 0.18 0.53 0.86 0.43 0.12 0.92 
Ah03 0.11 0.09 0.14 0.16 0.19 0.10 0.09 
FeO 30.07 30.13 27.65 27.25 28.10 30.15 30.48 
MnO 2.03 1.23 1.36 1.17 1.77 2.09 1.65 
MgO 15.86 16.39 17.82 15.78 17.41 16.83 15.78 
CaO 0.99 1.20 0.69 7.63 1.27 1.25 1.02 
Na20 0.02 0.00 0.02 0.08 0.00 0.00 0.03 0 
K 2 0 0.00 0.00 0.00 0.06 0.00 0.00 0.04 on 
Total 100.43 100.86 99.81 101.00 100.98 100.82 99.37 ;0 t'l [j] 
C 
01 0 6 6 6 6 6 6 6 Sl 0 [j] 
I-' Si 1.987 1.990 1.985 1.878 1.980 1.955 1.948 0 OJ 
Ti 0.003 0.003 0.004 0.005 0.005 0.003 0.003 t'l I:"' 
Al [IV] 0.010 0.008 0.015 0.040 0.019 0.005 0.043 t'l 0 
Al [VI] >-3 0.000 0.000 0.009 0.000 0.000 0.000 0.000 ;0 0 
Fe 0.977 0.971 0.890 0.891 0.898 0.980 1.006 z ~ 
Mn 0.067 0.040 0.044 0.039 0.057 0.069 0.055 Q 
Mg 0.919 0.942 1.022 0.920 0.992 0.975 0.929 ;0 0 
'1:1 
Ca 0.041 0.050 0.028 0.320 0.052 0.052 0.043 ;0 0 
Na 0.002 0.000 0.001 0.006 0.000 0.000 0.003 Ol t'l 
K 0.000 0.000 0.000 0.003 0.000 0.000 0.002 :>-z 
Total 4.006 4.004 3.998 4.102 4.003 4.039 4.032 :>-~ [j] 
t'l 
En 47.43 47.98 52.68 43.18 51.08 48.59 46.95 [j] 0 
Fs 50.44 49.49 45.86 41.83 46.24 48.82 50.87 OJ 0 
Wo 2.13 2.52 1.46 14.99 2.68 2.59 2.18 ~ 
::r: 
0 
Mg# 48.5 49.2 50.8 52.5 49.9 48.0 
'1:1 53.5 >< ~ 
X 
t'l 
Z 
t'l 
;.. 
'U 
'U 
l"i 
Z 
t:J 
X 
!=l 
l"i 
t-< 
G.6 Results of electron microprobe analyses of quartz l"i Q >-l 
::0 
0 
z 
Ngongotaha Dome ;;: 
Sample N~-321 NQ-24 NQ-32 NQ-33 NQ-42 (3 ::0 
Crystal 1 2 3 1 2 1 2 3 I 1 
0 
3 'U 
::0 
0 
to 
l"i 
Si02 98.92 99.22 98.68 98.60 99.41 99.31 98.92 99.74 99.17 98.63 98.69 ;.. z 
Ti02 0.03 0.06 0.04 0.07 0.00 0.03 0.03 0.00 0.06 0.00 0.04 ;.. ~ Ah 0 3 0.55 0.75 0.85 0.68 0.57 0.65 0.59 0.37 0.56 0.97 0.36 (J) (ij 
FeO 0.11 0.05 0.00 0.00 0.00 0.00 0.00 0.02 0.10 0.00 0.00 
MnO 0.00 0.00 0.06 0.10 0.00 0.00 0.03 0.00 0.00 0.00 0.00 
MgO 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
01 CaO 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.00 
0 Na2 0 0.30 0.13 0.13 0.14 0.22 0.16 0.12 0.11 0.22 0.22 0.14 t-:J 
K2 0 0.10 0.16 0.15 0.20 0.17 0.16 0.09 0.07 0.12 0.16 0.05 
Total 100.05 100.35 99.90 99.78 100.39 100.31 99.77 100.32 100.24 100.02 99.28 
0 4 4 4 4 4 4 4 4 4 4 4 
Si 1.985 1.983 1.982 1.983 1.986 1.985 1.987 1.992 1.985 1.979 1.991 
Ti 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001 
Al 0.013 0.018 0.020 0.016 0.013 0.015 0.014 0.009 0.013 0.023 0.009 
Fe 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 
Mn 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
Na 0.012 0.005 0.005 0.005 0.009 0.006 0.005 0.004 0.009 0.009 0.005 
K 0.002 0.004 0.004 0.005 0.004 0.004 0.002 0.002 0.003 0.004 0.001 
Total 2.015 2.012 2.012 2.013 2.013 2.012 2.009 2.007 2.013 2.016 2.007 
G.7 Results of electron micro pro be analyses of olivine 
Ngollgotaha Dome 
Sample NQ-24 NQ-32 NQ-33 MS-ll 
Crystal 1 2 3 
I 
1 1 1 1 1 2 3 1 2 2 3 4 5 
Spot core core core core core rim rim 1 rim 2 core core core core rim core core core 
Si02 29.03 29.23 30.14 29.52 29.52 29.42 31.86 31.61 29.70 29.69 29.46 29.22 29.77 29.65 29.33 29.85 
Ti02 0.02 0.03 0.06 0.00 0.00 0.04 0.00 0.00 0.02 0.00 0.00 0.02 0.02 0.04 0.05 0.09 
Ab 0 3 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.08 0.07 0.03 0.02 0.14 0.15 
FeO 63.24 63.47 61.16 61.33 61.33 61.50 58.43 60.01 61.83 61.45 66.43 66.24 67.42 67.08 67.37 66.30 
MllO 3.16 3.24 3.77 3.92 3.93 3.79 4.13 3.78 4.17 3.75 1.03 0.93 0.90 1.12 1.10 1.13 
MgO 4.90 3.84 4.53 4.68 4.68 4.63 4.88 4.49 4.11 4.54 2.49 2.53 2.65 2.55 1.94 2.61 
CaO 0.12 0.10 0.15 0.14 0.14 0.19 0.15 0.13 0.15 0.10 ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 
K 20 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 
NiO ll.a. ll.a. ll.a. ll.a. ll.a. ll.a ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. 0.05 0.12 0.13 0.03 
Total 100.47 99.96 99.83 99.60 99.61 99.56 99.46 100.02 99.97 99.56 99.49 99.02 100.84 100.57 100.07 100.15 0 CJl 
0 :-' 
CN 0 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ~ l'J 
Si 0.959 0.972 0.991 0.978 0.977 0.975 1.032 1.024 0.982 0.983 0.989 0.985 0.986 0.985 0.984 0.991 [fJ c:: 
Ti 0.000 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.002 ~ [fJ 
Al 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.001 0.001 0.006 0.006 0 
'"'l 
Fe 1.747 1.766 1.682 1.698 1.699 1.705 1.582 1.626 1.710 1.701 1.864 1.868 1.867 1.863 1.889 1.840 l'J t' 
Mll 0.089 0.091 0.105 0.110 0.110 0.106 0.113 0.104 0.117 0.105 0.029 0.027 0.025 0.031 0.031 0.032 l'J 0 
Mg 0.241 0.190 0.222 0.231 0.231 0.229 0.236 0.217 0.202 0.224 0.124 0.127 0.131 0.126 0.097 0.129 >-l ~ 
0 Ca 0.004 0.004 0.005 0.005 0.005 0.007 0.005 0.005 0.005 0.004 ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. z 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ~ a 
K 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ~ 0 
Ni 0.001 0.003 0.004 0.001 'tI ll.a. ll.a. ll.a. ll.a. ll.a. ll.a ll.a. ll.a. ll.a. ll.a. ll.a. ll.a. ~ 
Total 3.041 3.026 3.008 3.022 3.023 3.024 2.968 2.975 3.017 3.017 3.009 3.011 3.011 3.012 3.001 0 3.010 tIl l'J 
;t> 
Fa 87.9 90.3 88.3 z 88.0 88.0 88.2 87.0 88.2 89.4 88.4 93.8 93.6 93.4 93.7 95.1 93.4 ;t> 
Fo 12.1 9.7 11.7 12.0 12.0 11.8 13.0 11.8 10.6 11.6 6.2 6.4 6.6 6.3 4.9 6.6 ~ [fJ 
l'J 
[fJ 
Mg# 
0 
12.1 9.7 11.7 12.0 12.0 11.8 13.0 11.8 10.6 11.6 6.2 6.4 6.6 6.3 4.9 6.6 '"'l 
0 
t' 
:;: 
Z 
l'J 
G.8 Results of electron microprobe analyses of amphibole :>-
'" 
'" l'J Z 
Sample NQ-33 MS-24 tJ TW-l TR-3 >< 
Crystal 1 1 2 2 3 3 
I 
1 1 1 1 2 1 1 P 
Spot core nm (rim) (rim) (rim) (rim) core core rim core (needle) (needle) l'J 
t-< 
l'J 
0 
'":l 
Si02 43.41 43.23 43.00 44.36 43.44 44.36 34.501 50.819 51.485 51.320 50.617 46.774 46.083 ~ 0 
Ti02 1.11 1.51 1.65 1.35 1.66 1.35 2.783 0.279 0.315 0.256 0.288 0.168 0.147 z 
Alz03 10.21 10.01 9.77 9.73 9.87 9.73 14.205 1.375 1.589 1.479 1.330 1.075 1.413 ::: Q 
FeO 15.82 15.89 15.25 13.78 15.41 13.78 30.116 23.288 23.308 23.473 23.850 37.558 37.418 ::0 0 
MnO 0.19 0.40 0.36 0.32 0.36 0.32 0.059 1.596 1.708 1.365 1.433 3.551 3.545 '" ~ 
MgO 16.66 16.71 17.73 18.50 17.92 18.50 5.594 17.982 17.862 17.945 18.010 8.699 8.928 0 to 
CaO 0.05 0.00 0.03 0.02 0.03 0.02 0.081 1.682 1.741 1.747 1.671 0.175 0.226 l'J :>-
Na2 0 0.58 0.66 0.30 0.50 0.30 0.50 0.470 0.414 0.566 0.523 0.486 0.000 0.086 z :>-
K20 9.29 9.51 9.07 9.47 9.16 9.47 9.275 0.174 0.034 0.049 0.060 0.051 0.035 ~ 
Total 97.34 97.92 97.15 98.02 98.15 98.02 97.084 97.609 98.608 98.157 97.745 98.051 97.881 en Cii 
Recalculated analyses 
FeO 8.02 6.94 7.88 6.07 7.96 6.07 18.06 18.27 19.13 19.04 18.11 29.21 28.06 
Fe203 8.67 9.94 8.19 8.57 8.28 8.57 13.40 5.58 4.64 4.93 6.38 9.28 10.40 
en Total 98.20 98.91 97.97 98.88 98.98 98.88 98.43 98.17 99.07 98.65 98.38 98.98 98:92 0 
>+:-
normalised on the basis of 16 cations normalised on the basis of 15 cations 
T site: 8.000 8.000 8.000 8.000 8.000 8.000 8.000 7.629 7.684 7.673 7.585 7.522 7·468 
Si 6.460 6.398 6.404 6.495 6.404 6.495 5.535 7.394 7.414 7.421 7.357 7.324 7.208 
Al[IVj 1.540 1.602 1.596 1.505 1.596 1.505 2.465 0.235 0.270 0.252 0.228 0.198 0.260 
Ml,2,3 sites: 6.062 6.014 6.185 6.086 6.184 6.086 5.942 6.959 6.883 6.900 7.008 7·439 7·461 
Al[Vlj 0.250 0.143 0.119 0.174 0.119 0.174 0.221 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.971 1.107 0.918 0.944 0.918 0.944 1.617 0.611 0.503 0.536 0.698 1.093 1.224 
Ti 0.124 0.168 0.184 0.148 0.184 0.148 0.336 0.030 0.034 0.027 0.031 0.020 0.017 
Mg 3.695 3.687 3.937 4.038 3.937 4.038 1.337 3.900 3.834 3.867 3.902 2.030 2.081 
Fe2+ 0.998 0.859 0.982 0.743 0.981 0.743 2.423 2.222 2.304 2.302 2.200 3.825 3.669 
Mn 0.023 0.050 0.045 0.039 0.045 0.039 0.008 0.196 0.208 0.167 0.177 0.471 0.469 
M4 site: 0.175 0.189 0.091 0.145 0.091 0.145 0.160 0.379 0·427 0·418 0.397 0.029 0.064 
Ca 0.008 0.000 0.005 0.003 0.005 0.003 0.014 0.262 0.269 0.271 0.260 0.029 0.038 
Na 0.167 0.189 0.086 0.141 0.086 0.141 0.147 0.117 0.158 0.147 0.137 0.000 0.026 
A site: 
K 1.763 1.795 1.723 1.769 1.723 1.769 1.898 0.032 0.006 0.009 0.011 0.010 0.007 
Total 16.001 15.999 15.999 15.999 15.999 15.999 16.000 15.000 15.000 14.999 15.000 15.000 15.000 
#0 23 23 23 23 23 23 23 23 23 23 23 23 23 
#OH 2 2 2 2 2 2 2 2 2 2 2 2 2 
Mg# 65.2 65.2 67.5 70.5 67.5 70.5 24.9 57.9 57.7 57.7 57.4 29.2 29.8 
G.9 Results of electron micro pro be analyses of biotite and cordierite 
Sample MS-ll TW-l TW-14 TR-l TR-3 EMP A results of cordierite 
Crystal 1 1 1 2 3 
I 
1 1 2 
Spot core centre core core core core centre rim Sample MS-ll 
Crystal 1 1 1 
Si02 31.847 36.084 35.570 36.396 35.697 34.962 35.687 34.588 Spot core zone rim 
Ti02 3.987 4.305 4.386 4.400 4.348 4.226 4.200 4.220 
Al20 3 17.996 13.655 13.220 13.215 13.700 13.612 13.336 13.186 
FeO 20.884 21.200 21.479 21.093 21.516 21.444 21.594 22.712 Si02 44.36 44.44 44.40 
MnO 0.221 0.402 0.423 0.435 0.358 0.407 0.318 0.383 Ti02 0.03 0.10 0.04 
MgO 8.268 12.360 11.958 11.959 12.215 12.340 12.396 12.034 Ah 0 3 33.95 33.88 33.43 
CaO 0.179 0.161 0.035 0.092 0.058 0.054 0.136 0.108 FeO 15.76 15.34 16.85 
Na20 0.668 0.784 0.679 0.660 0.606 0.795 0.591 0.718 MnO 0.35 0.35 0.40 
0 
K 2 0 MgO 3.72 3.75 2.49 
~ 
8.824 8.582 8.979 8.500 9.236 8.452 8.330 8.802 
BaO CaO 0.11 0.13 0.16 
~ 
n.a. n.a. 1.013 0.383 n.a. 0.643 
l'l 
n.a. n.a. tIl 
F 4.906 Na20 0.23 0.21 0.21 
c:: 
n.a. n.a. n.a n.a. 0.590 0.726 1.167 f.l 
Total 97.780 97.533 96.729 96.750 97.736 96.882 97.314 97.918 K 2 0 0.38 0.35 0.48 
tIl 
0 Total 98.87 98.54 98.45 "l 
Ql T site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 l'l 
0 Si[IV] Recalculated analyses 
t:"' 
5.079 5.449 5.431 5.525 5.409 
l'l 
Ql 5.36 5.448 5.339 a 
AI[IV] 2.921 2.43 2.379 2.364 2.446 FeO 9.72 10.29 12.10 
>-l 
2.46 2.399 2.399 ~ 
Ti[IV] Fe203 6.71 5.61 5.28 
0 
0 0.121 0.189 0.11 0.145 0.18 0.152 0.262 z 
o site 5.72 5.879 5.834 5.832 5.882 5.93 
Total 99.54 99.10 98.98 E::: 
5.949 5.979 (3 
AI[Vl] 0.461 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Normalised on basis of 11 cations ~ 0 
Ti[Vl] 0.478 0 18.000 18.000 18.000 
'0 
0.368 0.314 0.392 0.35 0.307 0.33 0.228 ~ 0 
Fe2+ 2.785 2.677 2.743 2.678 2.726 2.75 2.757 2.932 Si 4.672 4.698 4.737 
0:1 
l'l 
Mn 0.03 0.051 0.055 0.056 0.046 0.053 0.041 0.05 Al 4.214 4.220 4.202 >-z 
Mg 1.966 2.782 2.722 2.706 2.759 2.82 2.821 2.769 Ti 0.003 0.001 0.003 >-f< 
A site 2.032 1.909 2.016 1.878 1.973 1.937 1.82 1.966 Fe
2+ 0.856 0.909 1.079 tIl l'l 
Ba n.a. n.a. 0.061 0.023 0.039 Fe3+ 0.532 0.446 0.424 
tIl 
n.a. n.a n.a. 0 
Ca 0.031 0.026 0.006 0.015 0.009 0.009 0.022 0.018 Mn 0.031 0.032 0.036 
"l 
0:1 
Na 0.207 0.23 0.201 0.194 0.178 0.236 0.175 0.215 Mg 0.583 0.591 0.395 0 
K Ca 0.012 0.014 0.018 
>-l 
1.795 1.653 1.749 1.646 1.785 1.653 1.622 1.733 ~ 
Total 15.753 15.787 15.85 15.709 Na 0.046 0.042 0.042 
l'l 
15.853 15.867 15.767 15.945 >-
0 20 20 20 20 20 20 20 20 K 0.051 0.047 0.064 
z 
0 
#(OH,F) 4 4 4 4 4 4 4 4 Total 11.000 11.000 11.000 a 0 ~ 
Mg# 41.4 51.0 49.8 50.3 50.3 50.6 50.6 48.6 Mg# 29.6 30.4 20.8 
0 
i.:;j 
~ 
>-l 
l'l 
G.lD Results of electron micro pro be analyses of magnetite > '1l 
'1l 
trI 
Z 
tJ 
Ngongotaha Dome X 
Sample NQ-20 NQ-24 NQ-25 NQ-28 NQ-32 0 
Crystal 1 1 1 1 2 2 1 2 3 1 2 2 3 4 1 trI t-< 
Spot core nm core nm core nm core core core core core nm core core core trI 0 
>-l 
"" 0 
Si02 0.15 0.25 0.51 0.00 0.14 0.00 0.03 0.00 0.00 0.03 0.03 0.04 0.00 0.00 0.08 Z 
Ti02 11.09 12.82 0.66 0.58 3.32 1.15 11.51 10.98 9.49 9.65 10.79 9.56 11.36 13.01 16.79 ~ (3 
Alz03 1.01 1.19 3.74 2.06 1.68 1.28 1.01 0.92 0.78 0.96 1.09 0.94 1.05 1.23 0.88 
"" 0 
FeO 79.89 79.04 91.04 93.39 89.33 90.85 82.02 81.38 83.99 80.14 82.04 83.65 82.32 80.88 75.02 '1l ;0 
MnO 1.35 0.91 0.90 0.87 0.76 0.61 0.44 0.72 0.61 1.57 0.44 0.54 0.81 0.78 0.96 0 tll 
MgO 0.30 0.36 0.19 0.07 0.18 0.27 0.50 0.59 0.49 0.36 0.25 0.45 0.47 0.64 0.57 trI > 
CaO 0.00 0.00 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.02 0.03 0.00 0.02 z > 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ~ 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 in en 
Total 93.78 94.57 97.11 97.01 95.40 94.16 95.52 94.60 95.35 92.80 94.64 95.19 96.02 96.53 94.34 
Recalculated analyses 
en FeO 39.37 41.64 32.83 32.08 34.04 31.54 40.77 39.54 38.76 37.23 40.25 38.93 40.42 41.86 44.30 
0 Fe203 45.02 41.56 64.69 68.13 61.44 65.91 45.84 46.50 50.27 47.69 46.43 49.69 46.56 43.36 34.14 0) 
Total 98.29 98.73 103.59 103.83 101.55 100.76 100.11 99.25 100.39 97.57 99.29 100.16 100.68 100.88 97.75 
normalised on the basis of 24 cations 
Si 0.045 0.076 0.149 0.000 0.041 0.000 0.009 0.000 0.000 0.010 0.009 0.012 0.000 0.000 0.023 
Ti 2.564 2.941 0.144 0.128 0.747 0.263 2.611 2.513 2.154 2.251 2.473 2.172 2.561 2.918 3.877 
Al 0.365 0.428 1.281 0.711 0.591 0.457 0.361 0.329 0.276 0.351 0.393 0.334 0.370 0.433 0.318 
Fe2+ 10.122 10.620 7.971 7.867 8.516 7.985 10.280 10.058 9.780 9.655 10.255 9.837 10.138 10.438 11.373 
Fe3+ 10.415 9.538 14.132 15.033 13.831 15.017 10.400 10.645 11.415 11.127 10.644 11.298 10.507 9.731 7.886 
Mn 0.351 0.236 0.222 0.216 0.192 0.155 0.112 0.185 0.155 0.413 0.114 0.138 0.205 0.196 0.249 
Mg 0.137 0.162 0.084 0.030 0.081 0.122 0.227 0.270 0.219 0.168 0.113 0.202 0.209 0.283 0.260 
Ca 0.000 0.000 0.016 0.015 0.000 0.000 0.000 0.000 0.000 0.025 0.000 0.007 0.009 0.000 0.006 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 
Total 24.000 24.000 24.000 23.999 23.999 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000 23.998 
Mt 56 91 83 62 61 
Usp 93 38 26 9 52 32 93 93 92 92 92 31 92 95 
Jac 3 2 2 
Hc 6 71 3 45 2 5 5 6 7 6 6 3 
Gal 2 2 
Ngongotaha Dome 
Sample NQ-32 NQ-33 NQ-38 NQ-50 NQ-58 
Crystal 2 1 2 3 3 4 
I 
1 1 1 2 3 4 1 2 3 
Spot core core core core rIm core core core rIm core core core core core core 
Si02 0.00 0.00 0.05 0.06 0.00 0.00 0.00 0.00 0.61 0.09 0.08 0.08 0.00 0.05 0.28 
Ti02 1.16 13.10 11.65 14.25 13.83 13.79 11.80 17.12 7.60 13.16 13.74 9.13 11.36 17.39 0.12 
Ah03 0.17 1.02 1.08 0.86 0.89 0.68 1.34 0.98 1.30 0.56 0.67 0.94 0.88 1.40 0.04 
FeO 90.33 81.48 82.63 80.08 80.19 79.21 77.88 77.41 84.09 82.07 79.84 83.50 80.00 74.69 92.97 
MnO 2.44 0.80 0.37 0.77 0.75 0.80 0.74 0.91 0.36 0.71 0.74 0.55 0.82 0.43 0.65 
MgO 0.32 0.14 0.06 0.04 0.10 0.11 0.60 0.69 0.34 0.53 0.57 0.41 0.66 0.27 0.00 
CaO 0.02 0.00 0.00 0.00 0.00 0.00 0.05 0.10 0.14 0.00 0.02 0.00 0.00 0.00 0.00 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.04 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.02 0.00 0.02 
Total 94.48 96.53 95.85 96.05 95.79 94.60 92.40 97.21 94.47 97.12 95.68 94.61 93.74 94.23 94.07 
Recalculated analyses 
FeO 29.43 42.65 41.78 43.70 43.05 42.58 39.48 45.27 37.89 42.44 42.28 38.50 39.31 45.88 31.10 0 Fe203 67.68 43.15 45.40 40.42 41.27 40.70 42.66 35.72 51.35 44.04 41.74 50.01 45.22 32.02 68.75 ,.. ~ Total 101.26 100.85 100.39 100.09 99.92 98.67 96.67 100.78 99.61 101.53 99.85 99.62 98.27 97.44 100.96 
en ;<l 
0 l'J 
-l [fl 
normalised on the basis of 24 cations c 
S3 Si 0.000 0.000 0.016 0.017 0.000 0.000 0.000 0.000 0.185 0.028 0.023 0.026 0.000 0.015 0.084 [fl 
Ti 0.263 2.954 2.641 3.236 3.148 3.180 2.761 3.830 1.733 2.945 3.120 2.086 2.623 4.024 0.028 0 "l 
Al 0.062 0.359 0.385 0.305 0.319 0.247 0.491 0.343 0.464 0.195 0.238 0.338 0.318 0.509 0.014 l'J t'" 
Fe2+ 7.455 10.691 10.533 11.038 10.892 10.921 10.272 11.261 9.603 10.558 10.675 9.786 10.090 11.803 7.928 l'J 0 
Fe3+ 15.427 9.733 10.300 9.188 9.395 9.392 9.988 7.997 11.713 9.859 9.483 11.438 10.444 7.412 15.770 "'I ;<l 
Mn 0.626 0.202 0.095 0.197 0.192 0.209 0.195 0.229 0.092 0.179 0.188 0.141 0.213 0.112 0.168 0 z 
Mg 0.143 0.061 0.029 0.Q18 0.044 0.051 0.276 0.308 0.155 0.236 0.257 0.185 0.302 0.125 0.000 i5: 0 Ca 0.006 0.000 0.000 0.000 0.000 0.000 0.017 0.032 0.044 0.000 0.006 0.000 0.000 0.000 0.000 ;<l 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 "d 
K 0.016 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.012 0.000 0.008 0.000 0.009 0.000 0.008 ;<l 0 
Total 23.999 24.000 24.000 23.999 23.999 24.000 23.999 24.000 24.000 24.000 23.999 24.000 23.999 24.000 24.000 tIl l'J 
» 
z 
Mt 86 55 55 55 72 56 1 97 » ~ Usp 3 94 93 40 40 39 91 95 21 96 38 92 92 93 [fl l'J 
Jac 7 2 2 2 2 2 [fl 0 
Hc 5 6 7 4 2 3 7 5 5 "l 
Gal i5: » Q 
z 
l'J 
"'I 
::J 
l'J 
G.ll Results of electron microprobe analyses of ilmenite :>-1:1 1:1 
t>:I 
Z 
t:I 
N gongotaha Dome >< 
Sample NQ-20 NQ-25 NQ-33 NQ-50 0 
Crystal 1 2 2 1 2 1 1 1 t>:I 
t-< 
Spot 1 2 1 2 t>:I 0 
>-3 
::0 
0 
Si02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Z 
Ti02 46.29 46.06 46.74 43.96 44.64 46.64 46.47 45.24 ~ 0 
Ah03 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 ::0 0 
FeO 47.08 45.79 47.45 49.17 48.94 47.26 45.39 47.76 1:1 ::0 
MnO 1.42 1.32 0.90 0.90 1.77 1.22 1.47 1.22 0 to 
MgO 0.72 0.98 0.95 1.29 1.25 0.45 1.22 1.16 t>:I :>-
CaO 0.00 0.02 0.03 0.05 0.04 0.03 0.00 0.00 z :>-
Na20 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 ~ 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(ll 
(j) 
Total 95.51 94.20 96.07 95.37 96.63 95.63 94.55 95.38 
Recalculated analyses 
c.r< FeO 38.92 38.13 39.38 36.27 36.08 39.86 38.14 37.39 
0 Fe203 9.07 8.51 8.96 14.33 14.29 8.22 8.05 11.52 (Xl 
Total 96.42 95.05 96.97 96.81 98.06 96.46 95.36 96.53 
normalised on the basis of 4 cations 
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 1.821 1.833 1.825 1.720 1.724 1.837 1.841 1.774 
Al 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 
Fe2+ 1.703 1.687 1.710 1.577 1.549 1.746 1.679 1.630 
Fe3+ 0.357 0.339 0.350 0.561 0.552 0.324 0.319 0.452 
Mn 0.063 0.059 0.040 0.040 0.077 0.054 0.066 0.054 
Mg 0.056 0.077 0.074 0.100 0.096 0.035 0.095 0.090 
Ca 0.000 0.001 0.002 0.003 0.002 0.002 0.000 0.000 
Na 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
ilm 93 92 93 91 89 94 91 91 
hem 
gei 3 4 4 5 5 1 5 5 
G.12 Results of electron microprobe analyses of glass 
Ngongotaha Dome 
Sample . NQ-25 NQ-28 NQ-33 
Spot 1 2 3 4 1 2 3 4 5 6 7 8 9 10 I 1 2 
Si02 77.93 78.08 77.81 78.32 77.21 76.51 77.16 76.86 78.13 78.11 77.29 76.93 78.12 77.20 77.73 77.43 
Ti02 0.22 0.19 0.17 0.13 0.18 0.13 0.17 0.24 0.21 0.17 0.16 0.17 0.17 0.19 0.11 0.04 
Ah 0 3 12.92 13.10 12.95 12.89 13.07 13.34 13.14 12.72 12.83 12.95 13.13 13.23 13.24 13.24 12.66 12.81 
FeO 0.55 0.85 0.49 0.73 0.73 0.66 0.62 0.84 0.70 0.69 0.66 0.43 0.70 0.73 0.45 0.34 
MnO 0.00 0.05 0.00 0.02 0.12 0.00 0.05 0.00 0.05 0.00 0.00 0.12 0.00 0.03 0.06 0.02 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
CaO 0.29 0.30 0.33 0.36 0.21 0.22 0.26 0.18 0.21 0.12 0.18 0.27 0.17 0.16 0.20 0.19 
Na2 0 1.49 1.64 1.74 1.73 2.16 2.55 2.26 2.09 1.80 1.73 2.06 2.04 1.78 1.74 3.78 3.56 
K2 0 5.66 5.47 6.11 5.41 6.05 6.01 5.96 6.17 5.93 5.93 5.80 5.88 5.47 5.88 5.13 5.62 
Total 99.06 99.68 99.59 99.59 99.73 99.41 99.62 99.09 99.86 99.70 99.30 99.07 99.64 99.18 100.12 100.01 
0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
01 Si 4.216 4.203 4.203 4.216 4.181 4.160 4.179 4.190 4.209 4.210 4.189 4.181 4.203 4.188 4.188 4.183 0 0 ~ 
'-0 Ti 0.009 0.008 0.007 0.005 0.007 0.005 0.007 0.010 0.009 0.007 0.006 0.007 0.007 0.008 0.804 0.816 ~ 
Al 0.823 0.831 0.824 0.818 0.834 0.855 0.839 0.817 0.815 0.823 0.839 0.848 0.839 0.847 0.005 0.002 ::0 l'J [Jl 
Fe 0.025 0.038 0.022 0.033 0.033 0.030 0.028 0.038 0.031 0.031 0.030 0.019 0.032 0.033 0.020 0.015 c:: tl 
Mn 0.000 0.002 0.000 0.001 0.005 0.000 0.003 0.000 0.002 0.000 0.000 0.006 0.000 0.001 0.003 0.001 [Jl 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 
0 
"J 
Ca 0.017 0.017 0.019 0.021 0.012 0.013 0.015 0.011 0.012 0.007 0.010 0.016 0.010 0.010 0.012 0.011 
l'J 
t"' 
l'J 
Na 0.157 0.171 0.182 0.181 0.227 0.269 0.237 0.221 0.188 0.181 0.216 0.215 0.186 0.183 0.395 0.373 0 >-l 
K 0.390 0.376 0.421 0.372 0.418 0.417 0.412 0.429 0.407 0.408 0.401 0.407 0.376 0.407 0.353 0.387 ::0 0 
Total 5.637 5.647 5.679 5.646 5.718 5.750 5.719 5.716 5.673 5.666 5.694 5.699 5.652 5.676 5.779 5.788 
z 
;;:: 
5 
::0 
An 3.02 3.09 3.10 3.64 1.84 1.81 2.25 1.59 2.00 1.21 1.65 2.50 1.72 1.59 1.53 1.45 0 OJ 
Ab 27.75 30.36 29.29 31.53 34.58 38.55 35.70 33.45 30.97 30.33 34.45 33.64 32.49 30.58 52.05 48.31 ::0 0 
Or 69.22 66.55 67.61 64.83 63.58 59.65 62.05 64.95 67.03 68.47 63.90 63.86 65.79 67.83 46.42 50.25 0:1 l'J 
:.-
z 
:.-
~ 
[Jl 
l'J 
[Jl 
0 
"J 
Q 
t"' 
:.-
[Jl 
[Jl 
:>-
'1j 
'1j 
i:'J 
Z 
tI 
X 
Ngongotaha Dome Mount Tarawera Volcanic Complex p 
i:'J Sample N~-50 I NQ-58 TW-l TW-14 I:""' i:'J 
Spot 1 2 3 4 I 1 1 2 3 4 5 6 7 0 .., 
::<J 
0 
Z 
Si02 77.13 78.14 78.66 78.43 78.28 76.68 77.85 77.00 77.26 76.82 77.93 77.46 79.33 ;;;: 0 Ti02 0.19 0.23 0.17 0.17 0.14 0.10 n.a. n.a. 0.10 0.10 0.13 0.40 0.14 ::<J 0 
Al20 3 13.38 13.24 12.42 12.82 13.25 12.49 12.76 12.79 12.63 12.50 13.00 12.33 11.78 '1j ::<J 
FeO 0.22 0.73 0.85 0.80 1.15 0.90 0.83 0.74 0.89 0.95 0.32 0.72 0.72 0 tIl 
MnO 0.06 0.03 0.00 0.04 0.04 0.12 0.10 0.11 0.08 0.27 0.20 0.00 0.09 i:'J :>-
MgO 0.08 0.10 0.13 0.07 0.10 0.11 0.00 0.08 0.07 0.18 0.00 0.11 0.03 z :>-
CaO 0.42 0.86 0.82 0.89 1.06 0.62 0.00 0.48 0.67 0.71 1.25 0.96 0.47 ~ if) 
Na20 3.07 3.29 3.26 2.71 2.69 2.72 3.49 3.75 3.42 3.49 6.19 3.78 3.11 Ui 
K20 5.30 2.99 3.36 3.17 3.18 6.09 4.64 4.56 4.37 4.31 0.91 3.24 4.77 
Total 99.85 99.60 99.67 99.09 99.88 99.82 99.66 99.50 99.50 99.32 99.94 99.00 100.44 
CT< 0 10 10 10 10 ,.... 10 10 10 10 10 10 10 10 10 0 
Si 4.161 4.183 4.215 4.213 4.183 4.172 4.200 4.174 4.182 4.174 4.159 4.191 4.243 
Ti 0.008 0.009 0.007 0.007 0.006 0.004 n.a. n.a. 0.004 0.004 0.005 0.016 0.005 
Al 0.851 0.835 0.784 0.811 0.834 0.801 0.811 0.817 0.806 0.800 0.817 0.786 0.742 
Fe 0.010 0.033 0.038 0.036 0.052 0.042 0.037 0.033 0.040 0.043 0.014 0.033 0.032 
Mn 0.003 0.001 0.000 0.002 0.002 0.005 0.005 0.005 0.004 0.012 0.009 0.000 0.004 
Mg 0.007 0.008 0.010 0.005 0.008 0.008 0.000 0.007 0.006 0.014 0.000 0.009 0.003 
Ca 0.024 0.049 0.047 0.051 0.061 0.036 0.000 0.028 0.039 0.042 0.071 0.056 0.027 
Na 0.321 0.342 0.339 0.283 0.279 0.287 0.364 0.394 0.359 0.367 0.640 0.396 0.323 
K 0.365 0.204 0.230 0.217 0.217 0.422 0.319 0.315 0.302 0.299 0.062 0.224 0.325 
Total 5.749 5.664 5.670 5.625 5.641 5.778 5.736 5.773 5.741 5.755 5.778 5.710 5.704 
An 3.44 8.26 7.62 9.28 10.92 4.86 0.00 3.78 5.54 5.88 9.23 8.28 3.99 
Ab 45.19 575.43 55.07 51.32 50.12 38.46 53.32 53.43 51.33 51.90 82.73 58.61 47.82 
Or 51.37 34.31 37.3 39.4 38.96 56.68 46.68 42.79 43.13 42.22 8.04 33.11 48.19 
G.13 Results of electron microprobe analyses of spherulites 
Ngongotaha Dome 
Sample NQ-20 NQ-24 NQ-25 
Number 1 2 3 I 1 2 3 4 I 1 2 3 4 5 6 7 8 Colour m'brown m'brown m'brown matrix matrix matrix matrix grey yellow yellow m'brown m'brown m'brown yellow m'brown 
Si02 78.88 77.90 74.64 80.55 77.58 80.74 78.68 68.08 79.14 78.37 78.13 78.54 77.24 79.12 76.73 
Ti02 0.10 0.06 0.12 0.06 0.10 0.07 0.04 0.03 0.19 0.16 0.16 0.12 0.17 0.15 0.23 
Ab 0 3 12.94 13.96 13.99 13.01 13.04 11.87 13.17 18.46 12.62 12.57 12.85 13.09 13.11 13.07 12.52 
FeO 0.23 0.47 1.38 0.16 0.19 0.13 0.24 0.14 0.66 1.06 0.62 0.39 0.93 0.83 0.74 
MnO 0.10 0.00 0.09 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.02 0.03 0.00 0.05 0.00 
MgO 0.03 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.04 0.00 0 
.... 
CaO 0.71 1.01 0.89 0.97 0.45 1.09 1.45 0.79 0.97 0.82 0.67 0.19 0.49 1.64 0.27 ~ 
Na20 4.74 5.33 5.67 3.13 2.84 3.44 3.75 6.21 3.81 4.24 3.56 1.46 3.74 4.40 2.83 ::<l Ql t7J 
f-' K20 2.56 1.83 2.83 2.50 5.97 2.19 2.28 5.39 2.29 2.85 3.62 5.29 4.23 0.86 6.33 
[JJ 
f-' C 
Total 100.29 100.57 99.86 100.39 100.16 99.54 99.61 99.17 99.67 100.08 99.63 99.14 99.91 100.16 99.64 ~ [JJ 
0 
"l 
0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 t7J r 
Si 4.193 4.135 4.056 4.239 4.181 4.281 4.195 3.796 4.218 4.193 4.195 4.227 4.163 4.188 4.179 t7J 0 
Ti 0.004 0.003 0.005 0.003 0.004 0.003 0.002 0.001 0.008 0.007 0.006 0.005 0.007 0.006 0.009 
>-l 
::<l 
0 
Al 0.811 0.874 0.896 0.807 0.828 0.742 0.828 1.213 0.793 0.793 0.813 0.830 0.833 0.815 0.803 z 
Fe 0.010 0.021 0.063 0.007 0.008 0.006 0.011 0.007 0.029 0.048 0.028 0.018 0.042 0.037 0.034 i':: 23 
Mn 0.004 0.000 0.004 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.001 0.001 0.000 0.002 0.000 ::<l 0 
Mg 0.003 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.003 0.000 1:1 ::<l 0 
Ca 0.040 0.057 0.052 0.055 0.026 0.062 0.083 0.047 0.055 0.047 0.038 0.011 0.028 0.093 0.016 tll t7J 
Na 0.489 0.549 0.598 0.319 0.296 0.354 0.387 0.671 0.394 0.440 0.371 0.153 0.391 0.452 0.299 :> z 
K 0.174 0.124 0.197 0.168 0.410 0.148 0.155 0.383 0.156 0.194 0.248 0.363 0.291 0.058 0.440 :> 
Total 5.728 5.762 5.889 5.598 5.754 5.596 5.661 6.123 5.653 5.721 5.701 5.610 5.755 5.654 5.780 ~ [JJ t7J 
[JJ 
0 
An 5.73 7.85 6.12 10.14 3.54 11.01 13.25 4.28 9.12 6.90 5.85 2.07 3.99 15.39 2.08 "l [JJ 
Ab 69.57 75.16 70.65 58.86 40.45 62.71 61.92 60.92 65.16 64.55 56.39 28.99 55.10 74.94 39.59 1:1 :x: 
Or 24.70 16.99 23.23 30.99 56.01 26.28 24.83 34.80 25.72 28.54 37.76 68.94 40.91 9.67 58.33 t7J ::<l 
C 
r 
::J 
t7J 
[JJ 
:.-
'tI 
'tI 
l7J 
Z 
tl 
~ 
Ngongotaha Dome 0 
l7J Sample NQ-25 r l7J 
Number 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 0 .., 
Colour grey yellow grey d'brown c'less rim d'brown c'less rim d'brown c'less rim yellow yellow yellow m'brown !J;J grey grey 0 
z 
~ 
Si02 84.93 78.22 74.42 79.74 79.79 79.25 79.66 78.22 78.81 79.45 71.02 83.47 
0 
80.09 80.53 88.27 !J;J 0 
Ti02 0.12 0.17 0.12 0.17 0.16 0.13 0.18 0.09 0.16 0.16 0.19 0.15 0.15 0.14 0.08 'tI !J;J 
Ah 0 3 9.42 12.73 14.26 12.72 12.87 11.99 13.67 12.35 12.96 13.11 12.90 12.42 6.79 17.31 10.28 0 to 
FeO 0.49 0.81 0.30 0.38 0.25 0.24 0.27 0.23 0.30 0.74 1.10 0.38 0.19 0.11 0.32 l7J :.-
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.00 0.00 0.02 0.03 0.00 z :.-
MgO 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 ~ [J) 
CaO 0.58 1.23 0.37 1.57 2.22 1.45 1.97 1.66 1.73 1.03 0.98 0.75 0.40 0.51 0.36 tii 
Na2 0 2.42 4.58 3.77 4.38 4.02 4.57 4.13 4.81 3.48 3.80 4.72 4.14 1.81 4.66 2.09 
K 2 0 1.76 2.07 6.73 0.65 0.49 0.65 0.60 0.63 0.69 2.40 2.14 2.48 1.74 7.05 3.33 
Total 99.73 99.80 99.97 99.60 99.80 99.13 100.06 99.45 99.84 99.50 100.87 99.77 99.37 100.83 99.93 
C1I ) f-' 
t-:) 
0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
Si 4.441 4.184 4.070 4.222 4.214 4.256 4.179 4.230 4.236 4.187 4.177 4.231 4.592 3.891 4.392 
Ti 0.005 0.007 0.005 0.007 0.006 0.005 0.007 0.004 0.006 0.006 0.008 0.006 0.006 0.006 0.003 
Al 0.580 0.802 0.920 0.793 0.801 0.751 0.849 0.773 0.803 0.827 0.806 0.780 0.416 1.117 0.637 
Fe 0.021 0.036 0.014 0.017 0.011 0.010 0.012 0.010 0.013 0.033 0.049 0.017 0.008 0.005 0.014 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.000 0.000 0.001 0.001 0.000 
Mg 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 
Ca 0.032 0.070 0.022 0.089 0.126 0.083 0.111 0.094 0.097 0.059 0.056 0.043 0.022 0.030 0.020 
Na 0.246 0.475 0.400 0.449 0.411 0.471 0.422 0.495 0.355 0.395 0.485 0.427 0.182 0.495 0.214 
K 0.117 0.141 0.469 0.044 0.033 0.044 0.040 0.043 0.046 0.164 0.145 0.169 0.116 0.493 0.224 
Total 5.445 5.716 5.900 5.621 5.602 5.621 5.621 5.649 5.557 5.673 5.727 5.672 5.344 6.039 5.505 
An 8.20 10.25 2.44 15.25 22.03 13.79 19.37 14.92 19.55 9.58 8.12 6.68 6.97 2.95 4.40 
Ab 62.16 69.19 44.89 77.17 72.13 78.79 73.62 78.32 71.22 63.90 70.79 66.90 56.91 48.66 46.69 
Or 29.63 20.57 52.67 7.59 5.84 7.42 7.01 6.77 9.23 26.52 21.09 26.42 36.12 48.39 48.91 
Ngongotaha Dome 
Sample NQ-25 NQ-28 
Number 24 25 I 1 2 3 4 5 6 7 8 9 10 11 12 13 
Colour m'brown m'brown yellow yellow yellow m'br.sph. m'br.sph m'br.sph grey grey grey grey grey grey m'brown 
Si02 79.60 79.59 77.89 78.29 77.91 73.79 79.90 79.75 79.84 78.86 79.79 69.96 66.70 68.04 79.01 
Ti02 0.08 0.17 0.15 0.14 0.18 0.14 0.08 0.09 0.19 0.18 0.14 0.12 0.06 0.06 0.17 
Al2 0 3 11.53 13.29 13.43 13.13 13.11 14.50 11.76 12.26 13.52 13.64 13.15 11.66 18.45 18.05 13.43 
FeO 0.36 0.24 0.39 0.62 0.64 0.30 0.41 0.14 0.28 0.16 0.12 7.22 0.33 0.37 0.36 
MnO 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.07 0.00 0.00 0.00 0.55 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.95 0.00 0.00 0.00 
CaO 0.30 1.05 1.12 0.89 1.09 0.27 0.27 0.35 1.54 1.69 2.24 3.14 0.16 0.09 1.34 
Na2 0 2.59 4.03 4.55 3.85 4.56 3.62 3.12 2.95 4.25 4.25 3.87 3.91 3.83 3.07 5.29 0 
K2 0 5.70 1.67 2.19 2.54 2.55 6.77 4.98 4.16 0.61 0.53 0.50 1.22 9.77 10.70 0.71 >-" ~ 
Total 100.15 100.03 99.72 99.47 100.08 99.38 100.53 
en 
99.78 100.23 99.30 99.81 99.72 99.27 100.38 100.31 ;xl 
i:'l 
f--' if) 
eN c:: 
0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 ~ if) 
Si 4.269 4.206 4.163 4.190 4.165 4.059 4.260 4.256 4.196 4.184 4.208 3.929 3.780 3.816 4.173 0 OJ 
Ti 0.003 0.007 0.006 0.006 0.007 0.006 0.003 0.004 0.008 0.007 0.005 0.005 0.002 0.003 0.007 i:'l 
t""' 
Al 0.729 0.828 0.846 0.828 0.826 0.940 0.739 0.771 0.838 0.853 0.818 0.772 1.232 1.193 0.836 i:'l Q 
Fe 0.016 0.010 0.018 0.028 0.029 0.014 0.018 0.006 0.012 0.007 0.005 0.339 0.015 0.017 0.016 >-l ;xl 
Mn 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.003 0.000 0.000 0.000 0.026 0.000 0.000 0.000 0 z 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.163 0.000 0.000 0.000 :::: 0 
Ca 0.017 0.059 0.064 0.051 0.062 0.016 0.016 0.020 0.087 0.096 0.127 0.189 0.009 0.005 0.076 ;xl 0 
Na 0.269 0.413 0.471 0.400 0.472 0.386 0.322 0.306 0.433 0.437 0.395 0.425 0.420 0.334 0.542 'tI ;0 
K 0.390 0.113 0.149 0.173 0.174 0.475 0.339 0.283 0.041 0.036 0.033 0.087 0.706 0.765 0.048 0 to 
Total 
i:'l 
5.693 5.636 5.718 5.677 5.738 5.895 5.698 5.649 5.614 5.619 5.592 5.936 6.165 6.134 5.697 » 
z 
» 
An 2.55 10.14 9.36 8.22 8.81 1.78 2.32 3.30 15.47 16.86 22.83 26.94 0.83 0.47 11.39 ~ if) 
Ab 39.77 70.61 68.85 64.03 66.64 44.04 47.63 50.17 77.24 76.87 71.15 60.60 37.01 30.23 81.37 i:'l if) 
Or 57.69 19.25 21.78 27.75 24.55 54.18 50.06 46.52 7.29 6.27 6.02 12.46 62.16 69.30 7.24 0 OJ 
if) 
'tI 
:I: 
i:'l 
;xl 
c:: 
t""' 
~ 
i:'l 
if) 
;.-
"tI 
"tI 
l".1 
Z 
t) 
X 
Ngongotaha Dome 0 
l".1 Sample NQ-32 NQ-33 t"' l".1 
Number 1 2 I d'b;own 1 2 2 3 3 4 5 6 7 7 8 8 
Q 
>-3 
Colour rim d'br d'brown rim d'br d'brown rim d'br yellow yellow yellow d'brown rim d'br d'brown rim d'br ::0 0 
Z 
;;: 
Si02 66.23 65.96 79.31 78.41 73.20 78.05 79.11 79.96 78.29 78.39 77.32 78.87 79.30 79.43 
(3 
77.06 ::0 0 
Ti02 0.00 0.00 0.12 0.20 0.44 0.11 0.09 0.15 0.20 0.11 0.18 0.14 0.26 0.10 0.23 "tI ::0 
Al2 0 3 20.93 20.52 12.51 13.01 11.79 14.21 13.13 13.25 12.98 12.86 12.62 13.30 12.85 12.44 13.04 0 to 
FeO 0.33 0.19 0.34 0.66 7.14 0.30 0.18 0.19 0.66 0.30 1.10 0.25 0.41 1.83 0.24 l".1 » 
MnO 0.00 0.00 0.05 0.00 0.24 0.02 0.00 0.00 0.02 0.00 0.00 0.02 0.07 0.08 0.00 z » 
MgO 0.00 0.00 0.00 0.00 0.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00 ~ [fJ 
CaO 1.35 1.29 1.22 1.83 1.57 1.89 1.08 1.75 0.99 1.01 0.60 1.33 1.90 1.51 2.15 Ui 
Na2 0 7.34 7.17 4.23 5.06 4.46 5.43 4.85 4.82 4.70 4.54 3.93 4.63 4.74 5.07 4.33 
K2 0 3.89 4.23 1.60 1.14 1.33 0.96 1.94 0.83 2.80 3.05 4.45 1.54 0.81 1.60 0.87 
Total 100.06 99.37 99.39 100.31 100.85 100.98 100.38 100.96 100.63 100.26 100.20 100.07 100.34 99.91 100.28 
Cll 
f-' 
>+:-
0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
Si 3.663 3.677 4.226 4.165 4.023 4.117 4.190 4.191 4.169 4.184 4.170 4.182 4.190 4.149 4.191 
Ti 0.000 0.000 0.005 0.008 0.018 0.004 0.004 0.006 0.008 0.005 0.007 0.006 0.010 0.004 0.009 
Al 1.365 1.348 0.786 0.814 0.764 0.883 0.820 0.818 0.815 0.809 0.802 0.831 0.800 0.789 0.811 
Fe 0.015 0.009 0.015 0.029 0.328 0.013 0.008 0.008 0.029 0.013 0.050 0.011 0.018 0.083 0.011 
Mn 0.000 0.000 0.002 0.000 0.011 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.003 0.004 0.000 
Mg 0.000 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 
Ca 0.080 0.077 0.070 0.104 0.093 0.107 0.061 0.098 0.056 0.058 0.035 0.075 0.108 0.087 0.121 
Na 0.788 0.775 0.437 0.522 0.475 0.556 0.498 0.490 0.485 0.470 0.411 0.476 0.485 0.529 0.443 
K 0.274 0.301 0.108 0.077 0.093 0.065 0.131 0.055 0.190 0.207 0.306 0.104 0.055 0.110 0.059 
Total 6.185 6.187 5.650 5.720 5.861 5.747 5.712 5.667 5.754 5.746 5.780 5.686 5.670 5.772 5.645 
An 6.99 6.69 11.35 14.79 14.02 14.69 8.88 15.30 7.71 7.88 4.62 11.51 16.65 12.01 19.49 
Ab 68.99 67.21 71.03 74.19 71.89 76.42 72.10 76.10 66.31 63.91 54.68 72.63 74.92 72.88 71.10 
Or 24.02 26.09 17.61 11.02 14.08 8.90 19.02 8.60 25.99 28.21 40.70 15.86 8.44 15.11 9.41 
Ngongotaha Dome 
Sample NQ-38 NQ-42 
Number 1 2 3 4 5 6 7 8 9 
I br~wn 2 3 4 5 6 Colour d'brown d'brown clear clear brown brown yellow grey grey brown brown grey grey brown 
Si02 78.73 80.41 77.94 78.46 79.42 79.68 78.37 72.37 71.18 78.80 76.44 79.30 72.74 65.04 80.43 
Ti02 0.15 0.13 0.17 0.16 0.10 0.05 0.12 0.08 0.02 0.13 0.05 0.12 0.10 0.05 0.11 
Al2 0 3 13.71 12.16 12.76 12.86 12.45 12.41 13.19 16.60 17.00 12.61 13.69 13.00 15.53 19.19 12.20 
FeO 0.25 0.24 0.29 0.26 0.15 0.24 0.24 0.33 0.21 0.23 0.29 0.21 0.28 0.19 0.34 
MnO 0.02 0.00 0.00 0.02 0.03 0.00 0.02 0.00 0.04 0.05 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.03 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 1.37 0.78 0.25 1.54 1.09 0.90 0.71 1.16 0.92 1.03 0.86 0.93 0.38 0.38 1.01 
Na2 0 4.77 3.60 3.09 4.99 5.07 4.98 5.20 5.87 5.27 5.44 5.74 4.82 4.28 4.77 4.81 c;; 
K2 0 1.58 2.47 5.72 1.35 1.94 1.62 2.27 2.92 5.38 1.40 2.15 1.79 6.26 9.90 1.50 
... 
,., 
Total 100.58 99.83 100.23 99.63 100.24 99.92 100.13 99.34 100.02 99.67 99.23 100.17 99.56 99.52 100.40 ;xl 
01 t'i 
I-' C/l c:: 01 ~ 0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 C/l 
Si 4.180 4.262 4.194 4.185 4.214 4.228 4.175 3.948 3.907 4.201 4.126 4.201 4.000 3.704 4.242 0 
"1 
Ti 0.003 0.005 0.007 0.006 0.004 0.002 0.005 0.003 0.001 0.005 0.002 0.005 0.004 0.002 0.004 t'i t""' 
Al 0.840 0.760 0.809 0.808 0.778 0.776 0.828 1.068 1.100 0.792 0.871 0.812 1.006 1.288 0.759 t'i 0 
Fe 0.009 0.011 0.013 0.012 0.007 0.011 0.011 0.015 0.010 0.010 0.013 0.009 0.013 0.009 0.015 >-l ;xl 
Mn 0.000 0.001 0.000 0.002 0.002 0.000 0.000 0.000 0.000 0.000 
0 
0.001 0.000 0.000 0.001 0.001 z 
Mg 0.000 0.003 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 :;: 0 
Ca 0.050 0.044 0.014 0.088 0.062 0.051 0.041 0.068 0.054 0.059 0.050 0.053 0.022 0.023 0.057 ;xl 0 
Na 0.456 0.370 0.323 0.516 0.522 0.513 0.537 0.621 0.560 0.562 0.601 0.495 0.456 0.527 0.492 1:1 ;xl 
K 0.171 0.167 0.393 0.092 0.131 0.109 0.154 0.203 0.376 0.095 0.148 0.121 0.439 0.719 0.101 0 to t'i 
Total 5.710 5.622 5.753 5.708 5.719 5.693 5.752 5.927 6.010 5.726 5.811 5.696 5.941 6.273 5.671 » 
z 
» 
An 7.39 7.63 1.97 12.68 8.69 7.60 5.54 7.60 5.48 8.19 6.26 7.90 2.44 1.85 8.76 ~ C/l 
Ab 67.41 63.62 44.22 74.14 72.94 76.14 73.37 69.60 56.54 78.54 75.19 74.01 49.71 41.50 75.68 t'i C/l 
Or 25.20 28.74 53.80 13.18 18.37 16.26 21.08 22.79 37.98 13.27 18.56 18.09 47.85 56.65 15.56 0 "1 
C/l 
1:1 ;x: 
t'i 
~ 
t""' 
~ 
t'i 
C/l 
» 
'1j 
'1j 
t'l 
Z 
0 
~ 
N gongotaha Dome Mt Tarawera Complex 0 
t'l Sample NQ-42 NQ-50 TW-l TR-l t-< t'l 
Number 7 8 I grey1 Gm 2 3 4 5 6 7 8 9 I 1 2 1 3 
0 
..., 
Colour brown grey grey Gm grey Gm br. Gm br. Gm br. Gm brown brown brown p'brown m'brown bright dark ?:l 0 
Z 
s:: 
Si02 78.87 67.08 77.39 75.84 76.38 77.95 96.72 77.46 82.25 
0 
78.31 77.33 78.66 79.41 78.63 69.80 ?:l 0 
Ti02 0.10 0.02 0.22 0.24 0.23 0.13 0.17 0.14 0.08 0.11 0.06 0.03 0.22 0.05 0.05 '1j ?:l 
Ah 0 3 12.79 18.87 13.27 12.97 12.71 13.42 13.13 13.41 13.64 13.41 13.94 1.50 12.70 16.76 10.08 0 tD 
FeO 0.33 0.21 0.23 1.29 1.33 0.28 0.26 0.33 0.24 0.18 0.29 0.10 0.73 0.30 0.15 t'l » 
MnO 0.00 0.03 0.03 0.02 0.10 0.00 0.00 0.05 0.00 0.00 0.11 0.07 0.17 0.03 z n.a. » 
MgO 0.02 0.00 0.00 0.25 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.05 0.07 0.00 0.02 ~ [fl 
CaO 0.84 0.54 0.29 1.02 0.44 1.32 0.30 0.34 1.05 0.96 1.34 0.07 0.80 0.45 0.43 Ui 
Na20 5.54 5.55 1.98 2.94 2.89 5.86 4.62 4.77 5.90 5.66 5.47 0.42 6.63 3.82 2.34 
K2 0 1.82 7.40 6.50 5.42 5.58 0.57 3.96 3.15 0.67 0.58 0.52 0.39 1.17 8.21 3.89 
Total 100.31 99.70 99.90 99.99 99.70 99.91 100.39 99.53 100.24 100.31 100.37 99.34 99.96 99.39 99.22 
Ql 
i-" 
OJ 
0 10 10 10 10 10 10 10 10 10 10 10 10 10 8 10 
Si 4.190 3.760 4.180 4.125 4.159 4.160 4.170 4.160 4.161 4.185 4.151 4.908 4.151 3.118 4.378 
Ti 0.004 0.001 0.009 0.010 0.010 0.005 0.007 0.006 0.003 0.004 0.002 0.001 0.009 0.002 0.003 
Al 0.801 1.247 0.845 0.831 0.815 0.840 0.828 0.850 0.850 0.833 0.868 0.090 0.802 0.883 0.633 
Fe 0.015 0.010 0.010 0.059 0.061 0.012 0.011 0.015 0.011 0.008 0.013 0.004 0.033 0.011 0.006 
Mn 0.000 0.001 0.001 0.001 0.005 0.000 0.000 0.002 0.000 0.000 0.005 0.003 0.008 0.000 0.001 
Mg 0.002 0.000 0.000 0.021 0.003 0.002 0.000 0.000 0.000 0.000 0.000 0.004 0.006 0.000 0.001 
Ca 0.048 0.032 0.017 0.059 0.026 0.075 0.017 0.020 0.060 0.054 0.076 0.004 0.046 0.022 0.025 
Na 0.571 0.603 0.207 0.310 0.305 0.604 0.480 0.497 0.605 0.578 0.560 0.041 0.688 0.330 0.241 
K 0.123 0.529 0.448 0.376 0.388 0.039 0.270 0.216 0.045 0.039 0.035 0.025 0.080 0.468 0.264 
Total 5.753 6.182 5.716 5.792 5.770 5.737 5.784 5.766 5.736 5.702 5.710 5.080 5.823 4.834 5.551 
An 6.42 2.77 2.50 7.98 3.57 10.45 2.28 2.68 8.39 8.09 11.32 5.23 5.65 2.65 4.72 
Ab 76.95 51.79 30.85 41.56 42.47 84.13 62.51 67.84 85.26 86.09 83.44 58.72 84.52 40.29 45.52 
Or 16.63 45.44 66.65 50.46 53.96 5.42 35.21 29.47 6.34 5.81 5.24 36.05 9.83 57.06 49.76 
Mount Tarawera Volcanic Complex 
Sample TW-14 TR-l TR-3 
Number 1 1 2 2 3 3 4 4 
I bri~ht 2 3 4 I ma!rix 2 3 Colour (centre) (rim) (centre) (rim) (centre) (rim) (centre) (rim) white dark dark matrix matrix 
Si02 77.93 78.43 79.12 80.92 80.13 83.48 77.93 78.43 69.80 69.84 82.25 79.77 75.46 82.83 77.58 
Ti02 0.09 0.02 n.a. n.a. n.a. n.a. 0.09 0.02 0.05 0.05 0.05 0.14 0.07 0.10 0.10 
Ah 0 3 12.64 13.04 12.41 12.54 12.76 10.85 12.64 13.04 16.76 17.04 10.08 10.92 13.69 10.12 11.43 
FeO 0.39 0.31 0.24 0.28 0.32 0.25 0.39 0.31 0.30 0.16 0.15 0.82 0.25 0.23 0.36 
MnO 0.10 0.06 0.09 0.06 0.08 0.05 0.10 0.06 n.a. 0.04 0.03 0.11 0.01 0.06 0.00 
MgO 0.00 0.00 0.03 0.06 0.04 0.00 0.00 0.00 0.00 0.01 0.02 0.06 0.02 0.03 0.02 
CaO 0.74 0.66 0.45 0.75 0.76 0.61 0.74 0.66 0.45 0.21 0.43 0.48 0.65 0.45 0.43 
Na2 0 6.51 6.89 6.41 4.30 4.58 3.54 6.51 6.89 3.82 3.25 2.34 3.27 4.56 3.49 3.00 0 
K2 0 1.09 0.91 1.07 0.79 0.56 0.61 1.09 0.91 8.21 9.93 3.89 4.05 4.97 3.16 6.34 
>-' 
?' 
SrO n.a n.a 0.00 0.00 0.00 0.00 n.a n.a n.a. 0.00 0.00 0.00 n.a n.a n.a ;ll 
en l'1 
f-' BaO n.a n.a 0.20 0.31 0.10 0.00 n.a n.a 0.23 0.24 0.25 0.25 n.a n.a n.a [JJ 
-;( c: 
Total 99.49 100.32 100.02 100.01 99.32 99.40 99.49 100.32 99.62 100.79 99.47 99.86 99.68 100.47 99.26 Si [JJ 
0 
." 
0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 l'1 t"' 
Si 4.177 4.167 4.210 4.259 4.243 4.200 4.177 4.167 3.898 3.883 4.378 4.283 4.107 4.363 4.234 l'1 0 
Ti 0.004 0.001 0.004 0.001 0.002 0.002 0.003 0.005 0.003 0.004 0.004 >-:l n.a. n.a. n.a. n.a. ;ll 
Al 0.799 0.816 0.778 0.779 0.796 0.811 1.103 0.690 0.878 0.628 0.735 
0 
0.799 0.816 1.116 0.633 z 
Fe 0.018 0.014 0.011 0.012 0.014 0.037 0.018 0.014 0.014 0.008 0.006 0.036 0.011 0.010 0.016 ;;;: 0 
Mn 0.004 0.003 0.004 0.002 0.004 0.005 0.004 0.003 n.a. 0.002 0.001 0.005 0.000 0.003 0.000 ;ll 0 
Mg 0.000 0.000 0.002 0.005 0.003 0.000 0.000 0.000 0.000 0.001 0.001 0.005 0.001 0.003 0.001 '1j ::0 
Ca 0.042 0.037 0.026 0.042 0.043 0.000 0.042 0.037 0.027 0.013 0.025 0.028 0.038 0.025 0.025 0 tll l'1 
Na 0.676 0.710 0.661 0.439 0.471 0.364 0.676 0.710 0.413 0.350 0.241 0.340 0.481 0.356 0.317 > 
K 0.074 0.062 0.072 0.053 0.038 0.319 0.074 0.062 0.585 0.704 0.264 0.278 0.345 0.213 0.441 z > 
Sr n.a n.a 0.000 0.000 0.000 0.000 n.a n.a n.a. 0.000 0.000 0.000 n.a n.a n.a ~ [JJ 
Ba 0.004 0.006 0.002 0.000 
l'1 
n.a n.a n.a n.a 0.005 0.005 0.005 0.005 n.a n.a n.a [JJ 
Total 5.794 5.810 5.768 5.597 5.614 5.736 
0 
5.794 5.810 6.045 6.082 5.554 5.669 5.865 5.603 5.775 ." 
[JJ 
'1j 
::r: 
An 5.3 4.6 3.4 7.9 7.8 0.0 5.3 4.6 2.6 1.2 4.7 4.3 4.4 4.2 3.2 l'1 ;ll 
Ab 85.4 87.8 87.1 82.2 85.3 53.3 85.4 87.8 40.3 32.8 45.5 52.7 55.7 60.0 40.5 c: t"' 
Or 9.3 7.7 9.6 9.9 6.9 46.7 9.3 7.7 57.1 66.0 49.8 43.0 39.9 35.8 56.3 
;:J 
l'1 
[JJ 

Appendix H 
Calculations of CIPW norms and 
NBO IT ratios 
All CIPW normative calculations have been done using 'PetMin 3.0' and 'NewPet'. CIPW norms 
for glasses analysed by electron microprobe have been listed separately from CIPW norms based 
on the results of XRF analyses. The entire set of norm minerals has been calculated but only those 
minerals which occur are listed. 
The separate listing of glasses allowed·a convenient adding of NBO/T values. 
H.I Calculation of NBO IT ratios of glasses 
NBO /T ratios were calculated using Eq. 3.2 on page 22 according to the following procedure. Total 
iron (as FeO*) ofthe EMP analyses was recalculated into FeO and Fe203. Oxide weight-percentages 
were converted into atomic proportions of the elements. Tetrahedrally coordinated cations are Si4+, 
TiH, and AI3+, Fe3+ and are distributed as follows: 
- Fe3+ /~Fe>0.5: all Fe3+ in T position 
- Fe3+ /~Fe=0.3-0.5: Fe3+ in equal proportions to T and NBO positions 
- Fe3+ /~Fe<0.3: all Fe3+ in NBO position 
Aluminium and iron in T-coordination are charge-balanced in the order K+, Na+, Ca2+, Mg2+ 
and Fe2+ by adding them to T positions. Remaining charge-balancing cations plus Mn2+ form the 
NBO sum. Eq. 3.2 gives NBO /T ratios. 
519 
H.2 CIPW norms of all XRF analyses data :> 'tI 
'tI 
l'1 
Z 
t:J 
Ngongotaha Dome x 
Sample NQ-1 NQ-2 NQ-3 NQ-6 NQ-7 NQ-8 NQ-9 NQ-10 NQ-11 NQ-12 NQ-14a NQ-14b NQ-15 NQ-16 NQ-18 NQ-19 !I1 
0 
:> 
t" 
Q 31.93 32.18 32.01 32.28 31.58 31.81 31.34 31.56 31.85 32.26 32.67 32.34 31.95 32.32 30.98 32.9 0 c: 
t" 
C 0.16 0.04 0.01 1.27 0.08 0.06 0.09 0.16 0.27 0.28 ~ 
z 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 (3 z 
or 19.44 19.56 18.79 20.21 20.03 19.15 20.5 19.09 21.51 19.97 19.56 19.5 19.56 18.85 19.38 19.38 [/l 0 
ab 37.23 38.84 39.01 38.67 38.67 39.77 37.91 39.43 37.23 39.09 38.92 39.6 39.09 39.34 39.01 38.41 '1 0 
an 5.56 5.5 5.44 5.16 5.03 5.02 5.36 4.96 5.33 5.36 5.62 5.21 5.46 5.51 5.11 5.21 :;; 
di 0.02 0.03 0.11 0.15 0.13 0.12 0.04 0.01 0.1 :;; z 
hd 0.07 0.11 0.36 0.47 0.37 0.34 0.12 0.02 0.28 0 ill 
en 0.47 0.54 0.48 0.42 0.43 0.46 0.45 0.51 0.48 0.47 0.54 0.5 0.5 0.55 0.5 0.5 ~ [/l 
fs 1.77 1.71 1.69 1.65 1.52 1.56 2.02 1.63 1.79 1.78 1.77 1.57 1.8 1.73 1.77 1.75 :> z 
mt 0.53 0.54 0.54 0.55 0.56 0.54 0.54 0.55 0.55 0.56 0.55 0.54 0.55 0.54 0.56 0.54 t:J z 
il 0.34 0.4 0.38 0.36 0.42 0.4 0.42 0.36 0.32 0.4 0.38 0.42 0.38 0.42 0.42 0.38 to 0 
0.07 0.07 0.07 0.07 0.07 0.1 0.73 0.05 0.1 0.05 0.07 0.07 0.07 0.05 0.05 0.07 '-ap >'I 
01 ill 
~ ~ 0 (3 
[/l 
Ngongotaha Dome 
Sample NQ-20 NQ-21 NQ-21* NQ-22 NQ-23 NQ-24 NQ-25 NQ-26 NQ-27 NQ-28 NQ-29 NQ-30 NQ-31a NQ-31b NQ-32 
Q 32.1 32.22 32.5 31.88 31.75 32.38 32.17 28.88 32.12 32.67 32.2 32.35 31.98 32.23 32.03 
C 0.02 0.13 0.13 0.03 0.05 0.1 0.04 
z 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
or 19.15 18.73 20.21 18.97 20.27 20.03 19.44 20.62 21.92 19.85 19.91 19.44 19.62 19.38 19.56 
ab 38.58 39.43 36.64 38.67 38.5 38.67 38.5 42.98 36.81 38.33 38.41 39.43 39.34 38.75 39.51 
an 5.26 5.46 5.46 5.61 5.3 5.46 5.66 2.8 5.13 5.49 5.09 5.11 . 5.56 5.23 5.56 
di 0.08 0.55 0.09 0.02 0.11 0.11 0.06 0.1 
hd 0.23 1.87 0.28 0.08 0.29 0.31 0.15 0.27 
en 0.35 0.4 0.52 0.52 0.49 0.45 0.5 0.19 0.48 0.49 0.52 0.5 0.62 0.55 0.5 
fs 1.83 1.64 1.69 1.71 1.68 1.81 1.75 0.76 1.61 1.73 1.6 1.56 1.66 1.67 1.63 
mt 0.56 0.52 0.53 0.53 0.55 0.56 0.54 0.54 0.54 0.55 0.55 0.54 0.55 0.55 0.52 
il 0.34 0.42 0.42 0.42 0.34 0.4 0.38 0.4 0.4 0.4 0.42 0.42 0.44 0.36 0.44 
ap 0.05 0.09 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.1 0.07 0.07 0.1 0.1 0.05 
Ngongotaha Dome 
Sample NQ-33 NQ-34a NQ-34b NQ-36 NQ-37 NQ-38 NQ-39 NQ-40 NQ-41 NQ-42 NQ-43 NQ-44 NQ-45 NQ-47 NQ-48 
Q 32.11 32.14 32.07 32.22 32.63 31.65 32.4 32.21 32 31.76 29.76 32.01 31.99 31.56 32.14 
C 0.01 0.12 0.19 0.55 3.84 0 
z 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
or 19.56 19.15 19.38 16.55 19.32 19.15 19.8 19.91 19.26 19.5 18.73 19.5 18.61 17.2 20.39 
ab 38.41 39.68 39.26 41.46 39.09 38.92 38.84 38.92 38.58 38.33 37.91 39.85 39.09 34.78 38.41 
an 5.36 5.45 4.98 5.21 5.49 5.15 5.38 5.28 5.51 5.56 4.96 5.08 5.16 5.31 5.26 
di 0.04 0.14 0.07 0.03 0.11 0.05 0.08 0.11 0.08 0.08 
hd 0.1 0.44 0.23 0.08 0.37 0.14 0.24 0.35 0.26 0.22 
en 0.45 0.56 0.41 0.44 0.51 0.42 0.53 0.48 0.55 0.6 0.4 0.42 0.41 0.47 0.49 
fs 1.73 1.69 1.53 1.65 1.69 1.59 1.73 1.62 1.75 1.76 5.52 1.52 1.59 2.19 1.64 
mt 0.54 0.55 0.55 0.55 0.54 0.54 0.55 0.55 0.54 0.55 1.57 0.53 0.53 0.66 0.54 
il 0.42 0.46 0.4 0.4 0.38 0.34 0.36 0.42 0.38 0.42 0.36 0.42 0.38 0.42 0.36 
ap 0.05 0.05 0.07 0.07 0.05 0.07 0.07 0.1 0.05 0.07 0.12 0.05 0.07 0.05 0.07 
01 
t-.:) 
,.... 
Ngongotaha Dome Mt Tarawera 
Sample NQ-49 NQ-50 NQ-51 NQ-52 NQ-53 NQ-54 NQ-55 NQ-56 NQ-56* NQ-57 NQ-58 NQ-59 NQ-60 I TW-1 TW-2a 
Q 32.09 31.61 32.25 32.16 32.05 32.38 31.99 32.16 31.61 32.4 31.67 32.1 32.19 35.52 34.85 ::I: !" 
C 0.01 0.04 0.2 0.08 0.09 7.04 0.72 0.18 0.18 0.23 0 
z 0.04 0.04 0.04 0.04 0.04 0.03 :tj ~ 
or 19.97 20.92 19.32 19.62 19.62 19.32 19.44 19.15 15.36 19.62 19.44 19.62 19.38 17.85 18.32 z 0 
ab 39.09 37.65 38.33 38.58 39.09 38.41 38.24 38.5 31.05 36.89 37.31 37.4 39.09 34.78 35.71 ;:tI :;:: 
an 4.97 5.04 5.45 5.28 5.56 5.56 5.56 5.66 5.46 5.41 5.51 5.42 5.56 6.8 6.6 rn 0 
di 0.13 0.12 0.02 0.08 0.02 0.03 .." 
hd 0.37 0.24 » 0.32 0.07 0.06 0.09 t"' t"' 
en 0.49 0.49 0.54 0.46 0.54 0.52 0.52 0.52 0.5 0.5 0.55 0.51 0.55 0.75 0.75 x ;:tI 
fs 1.54 1.55 1.74 1.65 1.72 1.7 1.75 1.77 2.4 1.83 1.73 1.66 1.76 1.5 1.51 .." 
» 
mt 0.54 0.54 0.54 0.54 0.55 0.53 0.54 0.54 0.75 0.56 0.54 0.53 0.54 0.48 0.49 z » 
il 0.42 0.44 0.38 0.36 0.42 0.42 0.4 0.36 0.61 0.38 0.4 0.42 0.4 0.44 0.44 ~ 
rn 
ap 0.1 0.07 0.05 0.07 0.07 0.07 0.07 0.07 0.05 0.07 0.07 0.1 0.05 0.1 0.09 t'l rn 
Ij 
~ 

Mt. Tarawera Volcanic Complex Mt. Somers Volcanics 
Sample TR-20 TR-21 TR-22 TR-23 TR-24 TC-1 T-8 I MS-1 MS-2 MS-3 MS-4 MS-5 MS-6 MS-7 MS-8 MS-9 MS-10 
Q 35.37 34.71 35.97 34.66 35.61 34.98 35.72 29.27 27.92 27.19 30.61 29.01 31.15 34.12 32.99 30.54 30.65 
C 0.17 0.22 0.17 0.07 0.31 0.42 0.47 0.73 0.92 0.78 1.72 0.85 1.35 2.04 1.39 1.04 0.88 
z 
or 19.09 18.14 18.91 18.79 18.73 18.61 18.44 32.5 31.32 32.15 32.32 29.96 32.2 32.2 32.32 32.2 32.74 
ab 35.37 35.96 35.71 36.64 35.11 35.88 34.35 27.67 26.57 27.5 24.28 26.74 26.65 23.18 25.3 26.48 27.5 
an 5.9 6.9 6.2 6.92 6.75 6.85 6.6 6.55 6.99 6.9 5.9 7.34 5.75 4.81 5.01 6.1 6.3 
di 0.02 
hd 0.04 
en 0.67 0.77 0.67 0.76 0.75 0.8 0.75 0.3 0.45 0.45 0.3 0.55 0.22 0.27 0.12 0.27 0.27 
fs 1.51 1.57 1.46 1.52 1.45 1.56 1.55 1.56 3.58 3.17 2.07 3.18 1.63 1.34 0.77 2.11 0.85 
mt 0.47 0.48 0.46 0.49 0.49 0.5 0.51 0.52 1.09 0.96 0.69 0.98 0.54 0.45 0.3 0.67 0.32 
il 0.4 0.36 0.38 0.4 0.53 0.47 0.49 0.42 0.53 0.44 0.53 0.55 0.44 0.4 0.38 0.4 0.4 
ap 0.07 0.09 0.07 0.09 0.09 0.12 0.09 0.14 0.19 0.19 0.17 0.21 0.12 0.14 0.09 0.14 0.14 
01 
"" C.:l 
Mt. Somers Volcanics 
Sample MS-11 MS-12 MS-13 MS-14 MS-15 MS-16 MS-17 MS-18 MS-19 MS-20 MS-21 MS-22 MS-23 MS-24 MS-25 MS-26 
Q 29.17 32.08 30.26 32.38 32.24 33.16 32.84 37.1 36.52 37.47 30.41 37.15 42.23 37.74 38.29 38.66 ::r: !" 
C 0.91 1.7 0.85 1.38 1.54 1.51 1.7 0.84 0.88 0.8 1.09 0.87 1.2 0.83 ·1.31 1.14 0 
:u 
z ~ 
or 31.55 32.97 31.79 32.09 32.8 32.91 33.21 29.37 29.31 29.19 32.44 29.78 30.61 29.84 29.6 30.14 z 0 
ab 26.99 25.64 26.74 26.4 25.81 24.2 24.71 25.13 25.81 25.21 25.81 24.71 19.29 25.04 22.68 22.93 :ll s: 
an 6.3 5.51 6.25 5.66 5.21 5.31 4.96 4.32 4.51 4.51 5.8 4.37 2.88 4.42 4.32 3.87 en 0 
di "l 
hd » I:"' I:"' 
en 0.27 0.25 0.35 0.17 0.15 0.3 0.15 0.2 0.17 0.22 0.25 0.2 0.35 0.25 0.47 0.52 >: 
:ll 
fs 2.66 0.48 2.22 0.52 1.02 0.68 0.19 1.5 1.57 1.72 1.51 1.45 1.24 1.26 2.22 1.61 "l 
» 
mt 0.8 0.22 0.69 0.23 0.35 0.26 0.14 0.46 0.49 0.51 0.5 0.45 0.39 0.4 0.65 0.5 z » 
il 0.36 0.42 0.38 0.4 0.34 0.32 0.4 0.23 0.28 0.21 0.38 0.27 0.23 0.25 0.23 0.27 ~ 
en 
ap 0.14 0.12 0.14 0.12 0.09 0.12 0.12 0.07 0.07 0.09 0.12 0.09 0.07 0.09 0.09 0.07 I:'J en 
tI 
» ~ 

Gebbies Pass, Banks Peninsula 
Sample BP-OH-4 BP-OH-5 BP-OH-6 BP-OOl BP-002 BP-003 BP-004 BP-005 
Q 33.48 36.6 37.99 35.91 38.1 37.44 36.76 35.44 
C 0.48 1.12 1.46 0.64 0.74 1.69 1.38 1.1 
z 
or 30.67 28.9 27.77 27.71 28.25 28.6 28.78 28.78 
01 ab 28.09 29.36 27.5 30.8 27.84 27.33 27.92 30.63 
t-.:l an 2.33 1.24 1.54 1.89 1.59 1.34 1.39 1.59 01 
di 
hd 
en 0.15 0.55 0.5 0.37 0.27 0.37 0.37 0.25 
fs 1.08 1.13 1.42 1.44 1.52 1.65 1.83 0.98 
mt 0.34 0.35 0.43 0.43 0.45 0.49 0.54 0.32 :r: !'-' 
il 0.21 0.19 0.21 0.19 0.19 0.21 0.19 0.23 Q 
ap 0.02 0.07 0.05 0.05 0.05 0.05 0.05 0.07 :u ~ 
z 
0 
::0 
~ 
r.n 
0 
'"'J 
» 
t"' 
t"' 
X 
::0 
'"'J 
» 
z 
» 
~ 
r.n 
tTl 
r.n 
I;) 
~ 
H.3 
Sample NQ-25 
Q 46.82 46.57 43.44 
C 3.82 3.94 2.87 
or 33.45 32.32 36.10 
ab 12.61 13.88 14.72 
an 1.44 1.49 1.64 
hd - - -
wo - - -
en - - -
fs 0.33 0.84 0.33 
mt 0.19 0.29 0.17 
il 0.42 0.36 0.32 
CIPW norms and NBO IT ratios of EMP glass analyses 
46.44 40.65 37.92 40.37 40.40 
3.53 2.59 2.24 2.50 2.28 
31.97 35.75 35.51 35.22 36.46 
14.64 18.28 21.58 19.12 17.68 
1.79 1.04 1.09 1.29 0.89 
- - - - -
-
-
- - -
-
-
-
- -
0.74 0.84 0.61 0.59 0.66 
0.25 0.25 0.23 0.21 0.29 
0.25 0.34 0.25 0.32 0.46 
N gongotaha Dome 
NQ-28 
44.22 44.82 42.43 
3.07 3.47 3.14 
35.04 35.04 34.27 
15.23 14.64 17.43 
1.04 0.60 0.89 
- - -
- -
- - 0.05 
0.62 0.58 0.56 
0.24 0.24 0.23 
0.40 0.32 0.30 
41.75 
3.02 
34.75 
17.26 
1.34 
-
-
-
0.48 
0.15 
0.32 
NQ-33 
46.19 43.92 35.45 34.62 
4.08 3.72 0.53 0.53 
32.32 34.75 30.31 33.21 
15.06 14.72 31.98 30.12 
0.84 0.79 0.99 0.94 
- -
-
-
- - - -
- - - -
0.60 0.66 0.49 0.40 
0.24 0.25 0.15 0.12 
0.32 0.36 0.21 0.08 
NQ-50 I NQ-58 
37.93 45.29 
1.83 3.03 
31.32 17.67 
25.98 27.84 
2.08 4.27 
- -
- -
0.20 0.25 
0.07 0.59 
0.08 0.25 
0.36 0.44 
NBO IT 0.043 0.048 0.054 0.049 I 0.067 0.071 0.065 0.07 0.057 0.052 0.058 0.056 0.046 0.052 I 0.087 0.086 I . 0.068 I 0.054 
Ngongotaha Dome Mt. Tarawera Volcanic Complex 
Sample NQ-58 TW-l I TW-14 
Q 44.52 48.15 47.45 35.51 39.22 36.06 38.59 37.53 35.76 40.73 41.54 
C 1.93 3.31 3.46 0.30 2.00 0.81 1.06 0.80 0 0.86 0.65 
or 19.85 18.73 18.79 35.99 27.42 26.95 25.82 25.47 5.38 19.15 28.19 
ab 27.58 22.93 22.76 23.01 29.53 31.73 28.94 29.53 52.37 31.98 26.31 
an 4.07 4.42 5.26 3.08 2.38 3.32 3.52 5.00 4.76 2.33 
hd 1.05 
wo 0.01 
en 0.32 0.17 0.25 0.27 0.20 0.17 0.45 0.27 0.07 
fs 0.78 0.80 1.28 1.18 1.23 1.13 1.10 1.53 0.24 0.84 
mt 0.29 0.27 0.39 0.31 0.28 0.25 0.30 0.32 0.11 0.25 0.25 
il 0.32 0.32 0.27 0.19 0.19 0.19 0.25 0.76 0.27 
NBO/T 0.066 0.048 0.053 I 0.095 I 0.077 0.088 0.083 0.091 0.088 0.077 0.080 
Appendix I 
X-ray diffraction analysis 
1.1 Sample preparation 
Samples selected for XRD analysis included spherulites, secondary minerals and alteration material. 
All samples were slightly crushed, if necessary, and under a binocular all other phases such as 
phenocrysts and glass were separated. Alteration samples consisted of lose, fine-grained material. 
Samples were grounded by hand with a mortar and fixed on a glass slide with ethanol. Small 
samples, such as single crystals, were crushed and grounded directly on a glass slide using a cover 
slide. In such cases, care was taken to cover that area of the glass slide which has the maximum 
beam exposure during XRD analysis. 
Alteration samples containing clay minerals were analysed three times: (i) untreated sample, 
(ii) sample treated with ethylene glycol solution, and (iii) samples heated to 550°C, following the 
method as outlined in BROWN & BRINDLEY (1980). 
1.2 Operating conditions 
XRD analyses were done using a Phillips PW-1729 X-ray generator and PW-1710 Diffractometer 
Control and CUJ(", ().. = 1.5418 A) radiation. The control unit was operated via the software 
program 'Visual XRD v.2.6'. Step size (0.02°) and speed (0.02°min-l) were kept constant for all 
analyses. Diffraction patterns were initially analysed by hand using standard PDF compilations 
(JCPDS, 1980a,b) and later with the program 'Trace v4.2' (both software programs are written by 
Diffraction Technology Pty Ltd.) and standard PDF databases. 
1.3 Results of XRD analyses for selected samples 
Table I.1 summarises the results of all XRD analyses. All figures on the following pages give 
diffraction patterns and identified mineral phases as well as matching PDF numbers. Frequently, 
two samples with identical diffraction patterns are plotted on one figure in which only one diffraction 
pattern is labelled with the mineral phases present. Abbreviations of labels follow the notations as 
listed on page 407 for the microscopic description. In general all main peaks could be identified, 
although some small peaks remain unsolved. In a few cases, peaks are positioned between two 
mineral phases (such as disordered albite and disordered anorthoclase) and are labelled in general 
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terms (such as 'fsp'). The presence of glass is in general indicated by a very broad peak at "'-'18-30° 
28 (WESTRICH et al., 1988). 
Table 1.1: Summary of the results of XRD analyses 
Sample Description Identified phases Graph 
NQ-4-1 white sec. min. on red-grey clast disord. ab, tri page 529 
surface 
NQ-4-2 red-grey clast disord. ab, tri, glass page 529 
NQ-25-1 large spherulite tri, disord. ab, disord. anor page 530 
NQ-25-2 group of small spher.'s tri, disord. ab, disord. anor page 530 
NQ-35a fay in lithophysae fa, hem, tri page 533 
NQ-35a1 white sec. min. in void tri, disord. ab, disord. anor page 531 
NQ-35-2 white sec. min. in void tri, disord. ab, disord. anor page 531 
NQ-36a2 rim of lithophysae tri, disord. ab, disord. anor page 532 
NQ-36b inner part of lithophysae tri, disord. anor, disord. ab page 532 
NQ-45a dark red alt. mat. tri, hem, san (anor) page 534 
NQ-63a red alt. mat. hem, disord. ab, tri page 535 
NQ-65a (red-) grey alt. mat. hem, tri, disord. ab, glass page 535 
NQ-67a to d single spher. 's cri, disord. ab (ordered ab) page 536 
NQ-69a white lining in lithophysae tri, disord. ab page 537 
NQ-69b single qu in void low-qu page 538 
NQ-70a hem in lithophysae hem, tri page 539 
NQ-72a white lining in lithophysae tri, disord. ab page 537 
NQ-73a amph in lithophysae ed, tre page 534 
NQ-77a hem in lithophysae hem, tri, glass page 539 
NQ-78a ocker plates in lithophysae phI, tri, glass page 540 
NQ-79a ocker plates in lithophysae phI, tri, glass page 540 
NQ-81a white sec. min. in void cri, disord. ab page 538 
NQ-100 fa in lithophysae fa, tri, glass page 541 
NQ-101 fa in lithophysae fa, hem, tri page 533 
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Figure 1.10: X-ray diffraction patterns of samples NQ-69b and NQ-81a 
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Figure 1.11: X-ray diffraction patterns of samples NQ-70a and NQ-77a 
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Figure 1.12: X-ray diffraction patterns of samples NQ-78a and NQ-79a 
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Figure 1.13: X-ray diffraction patterns of sample NQ-100 

Appendix J 
Densities and porosities 
J .1 Methodology 
Density measurements followed the technique described by HOUGHTON et al. (1988) and HOUGHTON 
& WILSON (1989) for pyroclastic rocks. Rectangular thin section off-cuts (ideally weighing between 
20-40 g) were dried at 105°C overnight, or at least for four hours. The procedure involves weighing 
the samples in air (Wair) and in water (wwater). For measurements in water, samples were wrapped 
in wax paper of know size and weight which moulds around the sample (Wwax ). Wrapping of sam-
ples allows to measure the sample weight including vesicles, if present. The density of samples is 
given by: 
Wair p= ----------------
Wair + Wwax - Wwater 
(J.1) 
where the positive sign of the term Wwax results from the buoyancy of wax. In the case the sample 
floated on the water a ballast of known weight was put onto the sample and its weight was considered 
in Eq. J.1. In a comparison with density measurement methods using a latex coating and a aerosol 
spray, HOUGHTON et al. (1988) found an excellent agreement with the method used here. 
Porosity, P, was calculated according to the following expression (STEVENSON et al., 1993): 
-Wair + V 
P = pg V X 100% (J.2) 
where V is the total volume and pg is the grain density. STEVENSON et al. (1993) used a value 
of 2.42 g cm-3 for the grain density which corresponds to a crack- free, fresh obsidian. However, 
the chemical composition (pantelleritic) of their obsidians is not comparable with the samples 
analysed. Therefore, the average grain density value of 2.37 g cm-3 for obsidians as given by 
CARMICHAEL (1989) was used for the porosity calculations. Porosities were calculated of samples 
from the Ngongotaha Dome and Mt. Tarawera Volcanic Complex. The density could not be 
calculated for a those few samples which lacked a clearly defined rectangular shape necessary for 
volume calculation. Samples from the other two field areas are essentially dense and vesicle free. 
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J.2 Density and porosity data 
Sample Density Porosity 
[g em-3) [%) 
Ngongotaha Dome Sample Density Porosity 
NQ-6 1.82 12.95 [g em-3 ) [%) 
NQ-7 2.02 4.50 
NQ-811 1.86 9.19 Mt. Tamwem Volcanic Complex NQ-8...L 1.72 12.92 
NQ-9 1.70 5.26 T-8 1.73 17.83 
NQ-lO II 1.65 TC-1 1.61 21.27 
NQ-10 ...L 1.64 26.06 TR-1 1.88 7.86 
NQ-11 II 2.12 0.04 TR-2 1.87 9.39 
NQ-11 ...L 1.92 5.79 TR-3 2.02 1.16 
NQ-12 1.56 27.58 TR-4 1.41 36.68 
NQ-14 1.98 1.04 TR-9 1.51 24.47 
NQ-15 1.69 12.04 TR-lO 1.33 39.28 
NQ-16 1.31 37.14 TR-11 1.66 19.27 
NQ-18 1.47 27.23 TR-12 1.35 37.23 
NQ-19 1.19 44.08 TR-13 1.45 34.82 
NQ-20 1.97 7.27 TR-14II 1.86 10.71 
NQ-21 1.55 26.90 TR-14...L 1.86 12.12 
NQ-22 1.85 13.55 TR-15 1.86 12.31 
NQ-23 1.99 TR-16 1.75 14.78 
NQ-24 1.98 1.69 TR-17 1.49 29.61 
NQ-25 1.96 8.57 TR-19 1.59 25.72 
NQ-26 1.66 22.30 TR-20 1.82 13.22 
NQ-28 1.86 9.85 TR-21 1.88 9.51 
NQ-29 1.49 29.62 TR-22 1.98 0.30 
NQ-30 1.53 24.63 TR-23 1.90 9.48 
NQ-31a 0.85 46.50 TR-24 1.43 31.95 
NQ-31b 1.83 11.29 TW-1 1.90 12.51 
NQ-32 1.49 29.10 TW-2a 2.07 0.47 
NQ-33 2.02 4.05 TW-2b 1.91 13.05 
NQ-34a 2.04 4.34 TW-311· 2.00 4.04 
NQ-34b 2.11 0.77 TW-3...L 1.98 3.27 
NQ-36 2.03 0.19 TW-4 1.89 12.74 
NQ-37 1.86 0.91 TW-5a 1.31 33.44 
NQ-38 2.01 8.74 TW-5b 1.90 
NQ-39 2.00 2.26 TW-6 1.85 13.86 
NQ-40 II 1.95 12.43 TW-7 1.63 26.65 
NQ-40 ...L 1.82 11.23 TW-8 1.93 11.20 
NQ-41 1.50 26.96 TW-9 1.75 15.85 
NQ-42 1.81 6.95 TW-10 1.92 9.51 
NQ-44 1.60 24.74 TW-11 1.87 5.93 
NQ-48 1.88 14.69 TW-12 1.87 7.85 
NQ-49 1.78 11.03 TW-13 1.66 25.58 
NQ-50 1.98 8.64 TW-14 1.63 
NQ-56 1.86 2.78 
NQ-58 1.69 20.19 
NQ-59 1.43 29.82 
NQ-60 ...L 1.77 15.75 
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Sample Density 
[g cm-3] 
Mt. Somers Volcanics 
MS-1 2.38 
MS-2 2.32 
MS-3 2.31 
MS-4 2.35 
MS-5 2.33 
MS-6 2.35 
MS-7 2.16 
MS-8 2.27 
MS-9 2.31 
MS-10 2.27 
MS-11 2.34 
MS-12 2.25 
MS-13 2.29 Sample Density 
MS-14 2.26 [g cm-3] 
MS-15 2.19 
MS-16 2.31 Banks Peninsula MS-17 2.09 
MS-18 2.32 BP-OOl 2.21 
MS-19 2.32 BP-002 2.14 
MS-20 2.37 BP-002 2.05 
MS-21 2.23 BP-003 2.13 
MS-22 2.40 BP-004 2.19 
MS-23 2.39 BP-005 2.11 
MS-24 2.44 BP-005 2.06 
MS-25 2.37 BP-006b 1.95 
MS-26 2.40 BP-OH-3 2.14 
MS-28 2.44 BP-OH-4 2.10 
MS-29 2.39 BP-OH-5 1.98 
MS-30 2.39 PB-OH-6 2.10 
MS-31 2.28 BP-CH-4 2.09 
MS-32 2.35 BP-CH-5..L 2.14 
MS-33 2.13 BP-CH-511 2.17 
MS-34 2.18 BP-CH-611 2.08 
MS-35 2.38 BP-CH-6..L 2.10 
MS-36 2.42 BP-CHE-1..L 2.10 
MS-37 2.30 BP-CHE-111 2.09 
MS-38 2.12 
MS-39 2.29 
MS-40 2.35 
MS-41 2.32 
MS-42 2.29 
MS-43 2.20 
MS-44 2.43 
MS-45 2.25 
MS-46 1.89 
MS-47 1.76 
MS-48 1.74 
MS-49 2.33 
MS-50 2.43 
MS-51 2.35 
MS-52 2.26 
MS-53 2.34 
MS-54 2.24 
545 
